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ABSTRACT

In this dissertation, an RF MEMS variable capacitor suitable for applications
requiring ultrawide capacitive tuning ranges is reported. The device uses an
electrostatically tunable liquid dielectric interface to continuously vary the capacitance
without the use o f any moving parts. As compared to existing MEMS varactors in
literature, this device has an extremely simple design that can be implemented using
simple fabrication methods that do not necessitate the use o f clean room equipment. In
addition, this varactor is particularly suited for incorporating a wide range o f liquid
dielectric materials for specific tuning ratio requirements.
Additionally, the shielding effectiveness performance o f graphene-doped ABS
thin films is investigated. The use o f graphene as a replacement for metal fillers in
composite EMI shielding materials is quickly becoming a widely-investigated field in the
electromagnetic compatibility community. By replacing conventional metal-based
shielding methods with graphene-doped polymers, low-weight, field-use temporary
shielding enclosures can be implemented that do not suffer from mechanical unreliability
and corrosion/oxidation like a traditional metal enclosure. While the performance o f
composite EMI shielding materials has not yet surpassed metals, the advantages o f
polymer-based shielding methods could find usage in a variety o f applications.
Finally, mutliband pre-fractal antennas fabricated via 3D printing are reported.
These devices are the first to incorporate the advantages o f 3D printing (rapid

prototyping, fabrication o f complex geometries otherwise unobtainable) with the
advantages o f self-similar antennas (increased gain and multiband performance) in a
single device. The Sierpinski tetrahedron-based antenna design was both computationally
modeled and physically realized to illustrate its potential as a solution to enable true
multiband communication platforms.
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CHAPTER 1
INTRODUCTION

1.1

Introduction

The ever-increasing demand for connectivity and the transfer o f information has
yielded amazing technological advances in recent years. The field o f telephony has
evolved from the old rotary phone on the wall at my grandmother’s general store to
modem smart phones capable o f sending and receiving calls from across the globe
wirelessly while also functioning as a jukebox, portable movie theatre, and video game
system that fits in one’s pocket. Satellite communication, once reserved for strategic
military assets, is now standard on most automobiles manufactured in the United States.
The ability to store data for machine processing has evolved from punch cards to
magnetic media to the logic state o f an anti-fuse. The rate at which technology is created
and replaced is seen by many as overwhelming.
The push towards smaller, multi-function communication platforms has been at
the forefront of modem radio frequency hardware engineering. Advancements in
personal hand-held communications systems, wireless local area networks, and satellite
communications applications have necessitated the development and use o f components
with enhanced functionality and a small physical footprint, and as ground and satellite
communications advance the demand for these features will become even more stringent.
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At the current state-of-the-art, the miniaturization o f a communications system can no
longer proceed through integration alone as the fundamental limits o f IC scaling and
monolithically-integrated passive component performance are approached. Instead, future
miniaturization must occur through a reduction in component count which is only
achievable by increasing the functionality o f radio frequency systems and their individual
components, an area where novel microelectromechanical system designs have vast
potential through the use o f non-traditional materials, processing, and architectures. The
implementation o f individual microdevices designed to perform the operation o f an entire
functional block within a radio transceiver not only decreases the system size and cost,
but increases reliability and performance.
As the usage o f wireless communication technology has become the norm
throughout the world, the ubiquity o f the wireless signals generated by the multitude o f
different radios and transceivers has led towards a renewed interest in novel
electromagnetic shielding and compatibility methods. Add to this electromagnetic
interference the ever-present threat o f electrical infrastructure attacks via electromagnetic
pulse attacks and the need for low-cost, easily-implementable electromagnetic shielding
becomes paramount to protect not only consumer electronic devices and their users but
SC ADA-controlled areas o f infrastructure and industry utilized by our modem
technological society. While metal has been the traditional choice for electromagnetic
shielding materials, the use o f composite materials is becoming an attractive alternative
due to their low cost, weight, and ease o f production. The investigation o f conductive
nanoparticles-particularly those which are constituent o f abundant materials-in

composite electromagnetic shielding materials is at the forefront o f versatile, costeffective shielding methods for a variety o f applications.
As more portions o f the electromagnetic spectrum become utilized for modem
communications technologies, multifrequency antennas are quickly becoming an
attractive

solution

when

different

communications

systems

require

similar

electromagnetic performance from their radiating elements. Spearheading the field o f
multifrequency antenna research is the concept o f fractal antennas: radiative devices that
exhibit self-similarity within their physical architecture to enable multiband response
while also yielding a reduction in size. These modifications to classic antenna
architectures generate high-performance devices with increased bandwidth and reduced
size which can be used in the miniaturization o f space vehicles, drones, and UAVs as
well as wireless energy harvesting and cellular telephony systems applications, however
the practical realization o f some geometries has been limited by fabrication technologies.
By using additive manufacturing techniques in combination with nanotechnology, the
realization o f electrically-conductive complex geometric structures is now possiblefractal antennas are no longer limited to planar geometries due to their difficulty in
fabricating.

1.2

Scope o f R esearch

Interest in the frequent innovations seen in the field o f radio frequency
engineering have directed my academic research for the duration o f my graduate career.
W hether conducting experiments for the Cyber Innovation Center, the Louisiana Space
Consortium, Army Missile Command, or the Air Force Research labs, the focus o f my
research has always been on the various aspects o f wireless communication, from
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increasing the dynamic range o f receivers (as seen in Chapter 2), to minimizing or
eliminating the effects o f electromagnetic interference (as seen in Chapter 3), to the
development o f multiband antennas to enable wideband communications systems (as
seen in Chapter 4). These topics illustrate the potential o f micro- and nanotechnology
applications as a supplement to the established field o f radio frequency engineering.

1.3

Dissertation Organization

The remainder o f this dissertation is divided into three chapters. Chapter 2 focuses
on the design and development o f a microfluidic variable capacitor and includes a review
o f the state-of-the-art regarding RF MEMS variable capacitors, classifying the various
devices based on their design features. Additionally, a new design capable o f achieving
extremely wide continuous tuning is introduced, and simulations and experimental data
collected for the microfluidic RF MEMS device are presented. Chapter 3 focuses on the
development of graphene-doped polymer films for EMI shielding applications, with a
review o f electromagnetic shielding theory and test methods as well as experimental data
supporting the use o f non-metallic fillers in composite EMI shielding materials. Finally,
Chapter 4 focuses on the design and development o f 3D printed Sierpinski tetrahedral
fractal antennas. The chapter includes a review o f fractal-based antennas and antenna
arrays, the first reported computer modeling o f a 3rd-order Sierpinski tetrahedral antenna
using the finite element method, and the radiation characteristics o f the realized antenna
design using a variety o f conductive coatings and conductive filaments.

CHAPTER 2
MICROFLUIDIC VARIABLE CAPACITOR

2.1

Introduction

Wireless communication technology is the backbone o f the modem digital age.
From cellular telephony to portable computing to satellite communications, the wireless
transmission o f electromagnetic signals o f varying frequencies has enabled ubiquitous
connectivity and access to information across our entire planet. The rapid rise in usage o f
wireless communication technology has led to explosive growth in consumer, industrial,
and military applications o f radio frequency (RF), microwave, and millimeter wave
systems and circuits and created a significant demand for novel high-performance
components to simplify and scale down the various radio transceiver architectures used
within the industry [1], As an example, consider a sample multiband cell phone
transceiver used in the North American market space, shown Figure 2-1. Such a device
requires sixteen different discretely-implemented fixed filters which occupy up to 80% o f
the RF board area [2, 3]. The development o f tunable filters, reconfigurable matching
networks, and adaptive antennas could significantly reduce the size, cost, and power
consumption while increasing overall performance.

5

6

North America/Global Configuration
RTR6285

UMTS 2100 PRx
UMTS 1900 PRx
UMTSAWS PRx
BC5/6
UMTS 800/850 PRx
UMTS 2100 or AWS DRx
_______
Ant2
UMTS 1900 DRx \ /

r1 V

UMTS 800 DRx

SP5T
Switch

V GPS
S i GPS Ant
GSM 850 Rx
GSM 900 Rx

Q

GSM 1800 Rx
GSM 1900 Rx

GSM 850/900 Tx
UMTS LB Tx

UMTS850/800 Tx
UMTS AWS Tx
UMTS
1900Tx

UMTS PA

GSM 1800/1900
UMTSHBTx
RF PWR DET

UMTS PA
UMTS 2100 Tx

UMTSHBTx
UMTS PA

Figure 2-1: A North American cell phone RF front-end with four GSM bands, four
UMTS bands, three diversity UMTS bands, and a GPS band covering data channels
from 800 to 2400 MHz [2].

Passive electronic components like inductors, capacitors, and resonators are the
building blocks o f wireless communication networks and are required to transmit, filter,
and receive high frequency electromagnetic signals. An electronic resonator (or resonant
circuit) in its most basic form consists o f a series RLC circuit containing a resistor,
inductor, and capacitor as shown in Figure 2-2.

R

L

v ( 0 ©

C

Figure 2-2: Series RLC electronic resonator circuit.

Two important parameters that characterize an electronic resonator are its
resonant frequency, expressed in Hertz, given by

Eq. 2-1

and its electronic quality factor, given by

Eq* 2-2

where R, L, and C are the circuit’s effective resistance, inductance, and capacitance,
respectively. The use o f variable capacitors and/or inductors in the resonator circuit
results in a tunable resonator with a variable resonant frequency, allowing the operating
point of the system to change depending on the instantaneous values o f L and C. The
tunability o f the electronic resonator enables a radio to receive signals over a range o f
frequencies while the electronic quality factor determines the selectivity o f the radio. For
example, consider a radio receiver designed for the FM frequency band (88-108 MHz).
To listen to the Louisiana Tech radio station KLPI, the receiver must be tuned to the
center frequency o f 89.1 MHz and have a quality factor large enough to filter signals
beyond the 200 kHz channel bandwidth, as shown in Figure 2-3. The low Qe values seen
in Figure 2-3 are indicative o f poor selectivity as the receiver bandwidth is too large to

8

filter incident signals from outside the operating band with any degree o f efficacy. As a
result, high-Qe components are a fundamental requirement o f all wireless receiver
systems.
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Figure 2-3: Transfer function plot for a simple radio receiver with a resonant
frequency o f fo = 89.1 MHz for multiple Qe values. Large Qe values (> 50) are
necessary to adequately reject signal transmissions on nearby channels.

2.2

V ariable C apacitors

The variable capacitor, or varactor as it is commonly known, is an integral passive
component in RF systems which require tuning over all or a portion o f a frequency band.
The performance o f a variable capacitor is typically defined by two figures o f merit: the
capacitive tuning ratio (CTR) o f the device and the electronic quality factor (Qe) o f the
device at the frequency o f interest. The CTR o f a variable capacitor is defined as

CTR = Cmwc

^ n -x 100%
mm

Eq. 2-3

where Cmax is the maximum capacitance and Cmin is the minimum capacitance o f the
device. CTR is a measure o f the absolute capacitance range o f a device; however, this
figure does not distinguish between continuous and discontinuous ranges within the
capacitance-voltage (C-V) characteristics o f the device. The Qe o f a varactor device is
defined as

a = 2tfC R ,

E q ' 2' 4

where / is the operational frequency o f the device, C is the instantaneous device
capacitance, and Rs is the equivalent series resistance o f the device which represents
power losses occurring during each cycle o f RF excitation. Analysis o f Eq. 2-4 shows
that maximizing Qe for a varactor design requires minimizing resistive losses.
2.2.1

Solid-State Varactors
M odem radio frequency circuits utilize varactor diodes which operate by reverse-

biasing a semiconductor />-«-junction to control the width o f the depletion region o f the
device. Under reverse-bias conditions for an abrupt junction, minority carrier extraction
removes charge carriers from the depletion region, resulting in more dopant atoms being
ionized and thus a voltage-variable charge on both sides o f the junction interface is
established, given by

Q = A 2q£o£r(V0 - V ) N d N °
Xd +Na

Eq. 2-5

where Q is the charge stored on one side o f the depletion region, A is the cross-sectional
area o f the junction, q is the elementary charge constant, eo is the permittivity o f free

space, er is the relative permittivity o f the semiconductor material, Vo is the electric
potential barrier height o f the unbiased junction, V is the applied voltage, and N a and Nd
are the dopant concentrations o f the n- and p-sidcs o f the junction, respectively.
Taking the derivative o f Eq. 2-5 with respect to the total barrier potential (V o -V )
yields the junction capacitance o f the device:
i
dQ
d(V<,-V)

A

2 0 £ O*r

N dN a

I2

2L f a - r K + w J

Eq. 2-6 shows that a biased p-w-junction has a nonlinear capacitive response to an
applied electrical bias. Figure 2-4 depicts the C -V characteristics o f linearly graded,
abrupt, and hyperabrupt p-n-junctions with an arbitrary unbiased barrier potential. The
observed nonlinear behavior is one o f the principal drawbacks o f solid-state varactors: the
device capacitance has an inherent dependence on the applied signal power such that
superposition o f an RF signal onto a DC bias voltage can result in a significant
capacitance change around the operating point, introducing distortion and aliasing o f the
RF signal [4].
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Figure 2-4: Variation o f depletion junction capacitance (Q ) with respect to imbiased
junction capacitance (Qo) with an applied electrical bias (V) for linearly graded, abrupt,
and hyperabrupt />-w-junctions. A steeper dopant gradient (M) results in increased
tunability at the expense o f device linearity.

To avoid the power handling limitations o f a single varactor, many designers
chose to implement them in a parallel-series matrix configuration like the one shown in
Figure 2-5. This configuration divides the signal power among the series stages to
prevent

accidental

forward

biasing

o f the

tuning

section

while

the

parallel

implementation brings the total capacitance back to that o f a single device. This practice
significantly reduces nonlinear effects; however, the increased component count raises
the size, cost, and power consumption o f the tuning area [5]. Monolithic (on-chip)
integration o f tuning varactor diodes has the potential to negate these drawbacks, but
numerous investigations into BiCMOS, SiGe, and GaAs RFIC varactors have yielded
devices with Qe values too low to function within a wireless communication system. The
low quality factor values can be attributed principally to the use o f semiconductor

substrates which have inherently high resistive losses [1]. Solid-state varactors also suffer
from limited CTR values-Figure 2-4 shows that an ideal hyperabrupt varactor diode can
achieve a maximum CTR o f approximately 1000% under reverse bias, however
commercially available varactor diodes peak at 250-500% [6, 7].
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U

Figure 2-5: N x N solid-state varactor matrix for reducing nonlinearity in the tuning
stage o f a radio receiver.

2.2.2

MEMS Variable Capacitors
Increased usage o f hand-held and satellite-based applications within scientific,

industrial, and military systems has initiated a shift towards smaller, low-power devices
that require both increased functionality and reduced power consumption without
introducing signal degradation or sacrificing performance. To achieve these stringent
requirements, electronics design engineers are moving away from off-chip passive
components

and

are

instead

monolithically

integrating

IC-compatible

microelectromechanical systems (MEMS)-based devices into RF systems where a

smaller device footprint and lower power consumption are among the paramount criteria
for implementation.
RF MEMS technology developed specifically to meet the needs o f modem
communication platforms requiring high dynamic range components with low integration
losses on a size-scale equal to or smaller than semiconductor junction-based devices.
Since the field’s inception in the early 1990s for defense-related systems [8, 9], RF
MEMS have been implemented as a replacement for solid-state components in voltagecontrolled oscillators [10-16], phase shifters [17-24], tunable filter systems [25-29],
tunable antennas [30-34], and reconfigurable matching networks [35-39]. In some
instances, a single RF MEMS device may perform the role o f an entire solid-state circuit
[2, 5]. The rapid growth o f the field is due predominately to the exceptional performance
characteristics o f micromachined components like high isolation, low insertion losses,
and low power consumption as compared to solid-state components and devices in the
same role [4].
One area o f significant research within the field o f RF MEMS is the development
o f different high-Qe varactor designs. MEMS variable capacitors are based principally on
the classic parallel plate capacitor (shown in Figure 2-6) due to difficulties in the
manufacture of non-planar structures using conventional microfabrication techniques.

Figure 2-6: A parallel plate capacitor with capacitance C = \Q/V\.

MEMS variable capacitors are typically comprised o f two planar electrodes
separated by a suspension o f micromechanical springs, hi these devices, one electrode
remains stationary and acts as a reference frame while the second electrode is allowed to
move and serves as the proof mass o f a harmonic oscillator system, as shown in Figure
2-7.

springs

damper

proof mass
mass

reference frame
(a)

reference frame
(b)

Figure 2-7: (a) A simple planar MEMS variable capacitor and (b) its equivalent
mechanical model. The mechanical damping illustrated in (b) is typically attributed to
viscous losses due to gas flow resistance at the micro-scale [40].
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The varactor functionality o f the device shown in Figure 2-7 is achieved by
inducing proof mass displacement through electrostatic, magnetostatic, piezeoelectric, or
thermal actuation with electrostatic actuation being the most prevalent method. As the
displacement between the reference frame (stationary electrode) and proof mass
(dynamic electrode) changes, the device capacitance also changes. If an RF signal is
applied across the capacitor electrodes, electrostatic attraction between the charged plates
should induce electrode movement (assuming a pliant suspension), however in most
cases no such displacement can be observed due to the low mechanical bandwidth o f the
system. This phenomenon can most easily be explained by reviewing the equation for the
relative displacement o f the proof mass o f a simple harmonic oscillator as a function o f
excitation frequency, co,
— CO2X f
x m - x f = ------ ;--------------- ----------------

- c o 2 + jc o y lm + kml m

- ( 0 2x f
;--------------- --------------

- c o 2 + j c o c o J Q m + co2

Eq. 2-7

where x m is the proof mass position; x /is the reference frame position; coo is the resonant
frequency o f the mechanical oscillator which depends on the mass, m, and stiffness, km,
o f the suspension, and Qm is the mechanical quality factor for the system which depends
on the damping coefficient y, o f the system. If the device is excited significantly beyond
its resonant frequency (co » coo), Eq. 2-7 simplifies to
-6 ? x f

xf ~ xm ~

-c o

_

„ „

Eq* 2-8

2 ~ ~ xf

1

Solving Eq. 2-8 for x m yields x m = 0, which shows that the proof mass is effectively
stationary under high frequency excitation where co »

coo

and thus any AC bias

implemented with RF signals will not modulate the device capacitance around its DC
operating point as is the case with solid-state varactors.

The capacitance, C, o f a parallel plate device can be expressed as a function o f its
dimensions as
C = e re Q—
a

E q. 2-9

where er is the relative permittivity of the dielectric material between the capacitor plates,
eo is the permittivity o f free space, A is the area o f overlap between the capacitor
electrodes, and d is the distance separating the capacitor electrodes as shown previously
in F igure 2-6. Examination o f E q. 2-9 reveals that there are three parameters which can
be changed to vary the capacitance o f a parallel plate capacitor-based device— electrode
separation, d, electrode area, A, and relative permittivity, er. The most prevalent method
o f creating tunability in a MEMS capacitor is by manipulating the geometric properties o f
the device, resulting in gap-tuned and area-tuned devices, while varying capacitance by
changing the dielectric material between the electrodes has received significantly less
scientific exploration.
2.2.2.1

Gap-Tuned Variable Capacitors

A gap-tuned variable capacitor consists o f a movable electrode separated from an
anchored (stationary) electrode by a mechanical suspension with stiffness km. F igure 2-8
depicts the basic operational principle o f an electrostatically actuated gap-tuned varactor.
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Figure 2-8: Coupled electromechanical model o f a simple gap-tuned variable capacitor
(a) without and (b) with an applied bias voltage. Adapted from [41].

If a low frequency electric potential is present across the parallel capacitor
electrodes,

Coulombic

attraction between the

charged

electrodes

generates

an

electrostatic force, Fe, which causes an out-of-plane displacement, x , o f the movable
electrode towards the anchored electrode. This displacement causes the capacitance o f the
device to vary with x as
A

C = ere0

Eq. 2-10

d -x

The energy, W, stored by a capacitor is given by
W = —C V 2

Eq. 2-11

2

and from this the electrostatic force generated by the applied voltage is
dw

1 ac

dx

2 ax

V2= - £ £

A

----

2 r ° {d -x )2

v \

Eq. 2-12

The electrostatic force generated by an applied bias is countered by a restorative
spring force, Fm, supplied by the mechanical suspension such that the total force acting
on the system, F tot, is given by
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F
x tot = xF e +1 xF m =■

E q. 2-13

Examination o f E q. 2-13 reveals a fundamental limitation o f the cap-tuned capacitor
tuning scheme: since the restorative force depends linearly on x while the actuating force
depends on the square o f x, at a sufficiently large induced displacement the electrostatic
force will overcome the restorative spring force and die plates will snap together. This
phenomenon is known as the pull-in effect and provides the basis for MEMS capacitive
switch operation [4]. Without precautionary measures to prevent the plates from snapping
together, the pull-in effect can cause permanent damage to a device from stiction, arcing,
and mechanical deformation o f the electrodes [41,42].
By treating the pull-in effect as an electrostatic spring force, the total stiffness of
the system, ktot, can be analyzed to determine the maximum continuous tuning range o f a
simple gap-tuned device:

E q. 2-14

A t the pull-in point, the electrostatic and mechanical spring forces cancel. Rearranging
E q. 2-13 under the condition that F tot = 0 and solving for F2 yields

Substituting Eq. 2-15 into E q. 2-14 yields
E q. 2-16
which expresses the system stiffness as a function o f electrode displacement. A plot of
E q. 2-16 is shown in Figure 2-9.
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Figure 2-9: Total system stiffness o f a gap-tuned varactor as a function o f electrode
equilibrium displacement for arbitrary initial electrode spacing.

Figure 2-9 illustrates that any displacement greater than x = d!3 results in an
unstable system (ktot > 0) wherein any increase in x causes a force which further increases
x as the electrostatic force is then greater than the restoring spring force. Substituting x =
d/3> into Eq. 2-17 yields the maximum capacitance that can be achieved before pull-in
occurs:

Eq. 2-17

where Co is the unbiased capacitance o f the parallel plate device. From Eq. 2-17, the
theoretical limit for the capacitive tuning range o f a gap-tuned varactor is 150%, however
the presence o f fringing fields and variances in electrode alignment due to manufacturing
errors often limit the tuning ratio o f these devices to significantly lower values.
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The first gap-tuned MEMS varactor device was fabricated in 1996 by Young and
Boser. The device was created via surface micromachining o f multiple 1 pm thick layers
o f aluminum on a silicon substrate [10,11]. The varactor uses suspensions o f four foldedbeam springs in a parallel configuration to enable vertical movement o f the 200 pm x 200
pm electrodes over a 1.5 pm electrode gap. Aluminum was used for the device layer to
limit resistive losses and thereby achieve a high electrical quality factor at RF
frequencies, while a bottom layer o f aluminum serves as a ground plane and shields the
device structure from the lossy silicon substrate. A thick oxide layer isolates the device
layer from the electrical ground, reducing parasitic effects which could influence the
capacitive tuning range o f the device. The electrode perforations seen in the SEM image
o f Figure 2-10 reduce the effects o f squeeze film damping between the capacitor
electrodes, enabling an increased response time o f the device to a changing electrical
bias.
The device achieved a continuous variable capacitance from 2.11 pF at 0 V bias
to 2.46 pF at 5.5 V bias, corresponding to a CTR o f 16.6%-significantly less than the
theoretical maximum o f 50% due to parasitic coupling between the aluminum suspension
and stationary electrodes as well as deformation o f the dynamic electrode structures. A
Qe o f 62 at 1 GHz was achieved from the use o f a conductive device structure, exceeding
the electronic quality factors reported by then state-of-the-art varactor diodes at similar
frequencies. Subsequent iterations o f the design were able to lower the tuning voltage to
3 V while achieving similar CTR and Qe [12], while similar designs developed by other
researchers achieved CTR values o f 35.7% with a Qe o f 23 at 1 GHz [16] and CTR values
o f 50%, the theoretical maximum, with Qe o f 20 at 1 GHz [43], The two-plate varactor

design was later enhanced by introducing mechanical restraints which increase local
spring-stiffhess, thereby preventing or limiting pull-in effects as the dynamic electrode
displacement increases [44—46].
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Figure 2-10: (a) Scanning electron microscope (SEM) image and (b) C-V curve for
Young and Boser’s gap tuned varactor [10,11].

Dec and Suyama expanded on the work o f Young and Boser by developing a
three-plate gap-tuned system, shown in Figure 2-11, to increase the maximum theoretical
tuning ratio o f gap-tuned devices [47]. The 3-plate scheme utilizes two control voltages
to electrostatically actuate the movable center electrode in both the up direction
(increasing device capacitance) and down direction (decreasing device capacitance). The
extended range o f movement for the center plate allow the device capacitance to change
by ±0.5Co, thereby achieving a maximum theoretical CTR o f 100%. The device was
fabricated using a multi-user MEMS polysilicon (MUMPs) process [48]. The polysilicon
electrodes are 426 pm x 426 pm, with a nominal separation o f 0.75 pm. The capacitance
o f the signal capacitor (formed between the top stationary electrode and the movable
plate) varied from 3.5 pF with V\ = 0 V and Vz = 1.8 V to 4.39 pF with V\ = 0.7 V and Vz
= 0 V, corresponding to a CTR o f 25.4%, again significantly lower than the maximum

theoretical value. This is ascribed principally to residual stresses in the movable electrode
layer which cause deformation o f the plate and the parasitic capacitances formed by the
RF-signal pads on the die. An electronic quality factor o f 9.6 at 1 GHz was measured for
the device. Further refinement o f the 3-plate tuning scheme by Dec and Suyama achieved
a CTR o f 87% however the Qe o f the device was only measured to be 15.4 at 1 GHz,
attributed to the use o f lossy polysilicon device structures required in the MUMPs
process [43].
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Figure 2-11: (a) SEM image and (b) cross-section schematic o f Dec and Suyama’s 3plate gap-tuned varactor design [47],

In 2007, Konishi et al. added physical spacers to the 3-plate tuning system which
enabled the formation o f a signal capacitance with a very small electrode separation (0.3
pm) [49]. Unlike the device described in [47], actuation is no longer bi-directional;
instead the actuation voltage serves to increase the gap o f the signal capacitor which
causes the device capacitance to decrease with applied voltage. The design, shown in
Figure 2-12, demonstrated a remarkable CTR o f 1200% by utilizing a large initial
separation between the movable plate and bottom-most electrode, however no electronic
quality factor data was included in the paper. Barriere et al. developed a similar design
capable o f increased power handling at the cost o f limited (292%) CTR [50].
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Figure 2-12: (a) SEM image and (b) operational schematic o f the uni-directionally
actuated 3-plate variable capacitor [49].

2.2.2.1.1

Dual-Gap Varactors

A significant advancement in the performance o f parallel-plate gap-tuned
varactors was achieved by Zou et al. wherein their research group developed a stepped
dynamic electrode which isolates the signal capacitance from the electrostatic actuation
capacitors [51, 52], shown in Figure 2-13. By using a gap between the actuation
electrodes o f more than three-times that o f the gap used to define the signal capacitance,
pull-in instability is no longer a factor and the travel range o f the signal electrode is
greatly increased. Thermally evaporated gold thin film is used as the material o f the fixed
bottom plates while the suspended top plate is made o f electroplated Permalloy (nickeliron allow) to limit resistive losses. Surface roughness and stress induced warping o f the
signal electrode, as well as the presence o f an insulation layer to prevent stiction, limited
the CTR o f the device to 69.8%, however a Qe o f 30 at 5 GHz was reported [52]. The
benefit o f isolating the actuation and signal electrodes has been exploited by numerous
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other dual-gap varactor designs [53-58], with tuning ranges exceeding 500% [56, 57] and
Qe

values between 50 and 100 at AVband frequencies [53, 54, 56].

M ovable Plate

Figure 2-13: (a) SEM picture and (b) cross-section schematic o f a dual-gap varactor
device [52].

Nieminen et al. developed a dual gap varactor that utilizes a planar dynamic
electrode and stationary electrodes o f varying heights [59], the opposite o f the isolated
tuning scheme developed in [51]. The device, shown in Figure 2-14, was fabricated
using a novel surface micromachining process on gold structural layers patterned on top
o f a low resistivity silicon substrate. The lossy substrate was then removed via etching to
prevent resistive losses at RF frequencies. The inverted dual-gap device achieved a CTR
o f 125% and Qe o f 66 at 1 GHz. Similar designs by other researchers [60-63] achieved
CTRs o f up to 367% [60] however significantly high Qe values were not reported.
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Figure 2-14: (a) SEM image and (b) operational schematic o f an inverted dual-gap
MEMS variable capacitor [59].

2.2.2.1.2

Zipping Varactors

Electrostatically-actuated zipping varactors are an adaptation o f “touch-mode”
actuators in which a pliant electrically conductive cantilever (or membrane) and planar
electrode are electrically biased such that the beam deflects to contact the planar
electrode. Subsequent biasing creates a “zipping” motion which increases the contact area
between the conductive cantilever and planar electrode, as seen in Figure 2-15. In a
zipping varactor, the restorative mechanical spring force increases as the effective beam
length becomes shorter due to the zipping action. To counteract this increase in
mechanical spring force and continue zipping towards the anchor, the electrostatic spring
force must also be increased by applying more electrical bias. A linear C-V response can
be achieved by optimizing the shape o f the bottom electrode such that the electrostatic
force increases towards the cantilever anchor. Because the region o f beam deflection
within the device results in non-parallel plates, there is no closed-form solution for the
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total device capacitance although approximations can be made under specific
circumstances [65].

Cantilever

Botuom conductor
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(a) Cantilever bending (before puil-tn)

(b) Cantilever tip pull-in
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Figure 2-15: A zipping actuator/varactor at (a) initial beam displacement, (b)
cantilever pull-in, and (c) zipping regime [64].

The first zipping varactor was developed by Hung and Senturia in 1998 [64]. In
this design (shown in Figure 2-16), a rectangular cantilever is pulled down towards the
patterned bottom electrode via electrostatic actuation. After the cantilever collapses onto
the bottom electrode because o f pull-in effects, the device geometry becomes a clampedclamped beam in which there is a vertical offset between the anchor points, yielding an
‘S’-shaped beam structure. Further biasing causes the ‘S’ to move towards the anchor,
resulting in the zipping motion depicted in Figure 2-15. The device utilizes dimples to
maintain a small air gap between the cantilever beam and bottom electrode during
actuation. This practice serves to prevent stiction, shorting, and dielectric charging during
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operation. The device achieved a CTR o f 76.8%, however no Qe values could be obtained
since only DC characterization was performed.
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(c) Cross-section C

Figure 2-16: Tunable capacitor device developed by Hung and Senturia. (a) Top view
showing a shaped bottom electrode underneath a rectangular cantilever beam, (b)
Lengthwise cross-section o f beam under actuation in the zipping regime. The air gap
under the end o f the beam is defined by dimple spacers, (c) Width cross-section
illustrating the dimple spacers [66].

Similar zipping varactors to [64] have been fabricated by other researchers [6775]. Ionis et al. fabricated their device using the MUMPs process as used by Hung and
Senturia and achieved a CTR o f 48.4% [68, 69]. They improved upon the previous design
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by depositing a gold layer on top o f the cantilever to improve Qe measurements, however
a value o f only 6.5 at 1.5 GHz was reported, significantly lower than expected. Luo et al.
explored the use of multiple cantilevers o f varying lengths connected in parallel to extend
tunability via multiple pull-in characteristics, however the use o f a high-permittivity
dielectric material created significant issues with dielectric charging and stiction [71].
Mahameed et al. developed multiple zipping varactors with separated actuation and RF
electrodes [74, 75], as shown in Figure 2-17. These devices exhibited significantly better
performance than other cantilever-based zipping varactor designs, achieving CTRs of
180% and 230% and Qe o f greater than 100 at 3 and 5 GHz, respectively.
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Figure 2-17: Zipping varactors using (a) transverse interdigitated electrodes [74], and
(b) longitudinal interdigitated electrodes with a tethered suspension to increase local
stiffness [75].

Muldavin et al. developed a zipping varactor that utilizes a corrugated tri-layer
(SiCh/Al/SiCh) cantilever with a stress-induced deflection which causes zipping to be
directed away from the anchor point [76], as shown in Figure 2-18. The device utilized

separate actuation and RF electrodes which were biased using bipolar square-wave
signals. By adjusting the potentials seen across each electrode pair, the amount o f overlap
capacitance could be varied, resulting in a CTR o f nearly 1600%, however no Qe values
were reported.
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Figure 2-18: (a) Schematic illustration and (b) C-V response o f corrugated-cantilever
zipping varactor [76],

Pu et al. expanded on the work o f Muldavin by developed curved cantileverbased zipping varactors that utilize a tapered cantilever for extended tuning range [7779], shown in Figure 2-19. The devices are made o f gold and the tapered cantilevers
have a Cr/Cu layer on top to create a residual stress which causes the initial curved
profile seen above. The linear tapering o f the cantilever increases the local mechanical
stiffness o f the beam along its length towards the free end which makes the pull-in
voltage change as a function o f length, thereby preventing switch-like operation which
would occur if the cantilever and actuation electrode had the same dimensions. The
tapered beam design resulted in a CTR o f 1545% with a Qe o f 176 at 2 GHz [77] while a
subsequent iteration o f the design achieved a CTR o f 2700% with a Qe o f 317 at 1 GHz
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F igure 2-19: SEM image o f tapered bimorph zipping varactor mounted on a coplanar
waveguide [77].

Bakri-Kassem and Mansour expanded on the zipping varactor concept by
developing devices which use flexible metal planar membranes to achieve zipping
motion [80]. In this design, both the top electrode (a rigid metal plate) and bottom
electrode (a flexible polysilicon membrane coated with a nitride insulation layer) are
allowed to move under electrical biasing, resulting in a small tuning range before pull-in
effects occur. After the pull-in voltage is exceeded, the plates collapse together and then
zip further as the bias voltage is increased, achieving a discontinuous CTR o f 280% and a
Qe o f 8.8 at 1 GHz. To achieve continuous tunability, Bakri-Kassem et al. revised the
design o f [80] by removing the initial gap between the varactor plates [81], as seen in
Figure 2-20. The varactor is made o f two plates with different curvatures suspended over
an etched cavity in the silicon substrate, where the differing curvatures are the features
that enable zipping operation which resulted in a CTR o f 115% and a Qe greater than 300
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at 1.5 GHz. A third design was implemented which placed stiff carrier beams at the
comers o f the upper flexible electrode for the purpose o f maintaining separation at the
edges o f the device for a linear C-V response [82]. The addition o f the unanchored
cantilever beams increased rigidity before total collapse o f the plates, resulting in a nearly
linear CTR of nearly 500% and a Qe of 29 at 1 GHz. Other researchers explored
membrane-based zipping varactors [83-89] with design innovations including a circular
tethered membrane and fulcrum to expand tunability [84], a segmented dynamic
electrode based on micromechanical hinges which provide tailorable stiffness at specific
nodes to increase linearity [86, 87], and suspensions o f differing lengths which create a
spatially-varying pull-in effect that smooths the device C-V response [89].
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Figure 2-20: (a) Device schematic, (b) SEM image, and (c) model and prototype C-V
characteristics for the dual-zipping variable capacitor [81],

2.2.2.1.3

Interdigitated Gap-Tuned Varactors

As an alternative to vertical (out-of-plane) electrostatic actuation schemes, some
researchers have developed gap-tuned varactors that rely on in-plane actuation via
capacitive comb-drives. The use o f comb-drive actuators negates the possibility o f pullin instability however the overall size o f the varactor device is typically larger than outof-plane electrostatic actuation-based designs with a similar nominal capacitance due to
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the requirement o f multiple (often hundreds) o f overlapping fingers to achieve said
capacitance.
The first interdigitated gap-tuned varactor was developed by Li and Tien and was
created using a bulk micromachining method: deep reactive ion etching (DRIE) o f a
silicon wafer (acting as the device layer) bonded to a glass wafer (acting as the substrate)
[90]. The DRIE micromachining process allows for complex device architectures to be
fabricated using only a few processing steps as opposed to the surface micromachining
techniques used to manufacture the devices previously described. The device, shown in
Figure 2-21, achieved a CTR o f 311% with no Qe value reported. Xiao et al. developed a
similar design which achieved a CTR o f 595% and a low Qe value o f 120 at 100 MHz,
limiting the device’s use to low frequency systems [91].
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Figure 2-21: (a) Micrograph o f the interdigitated gap-tuned variable capacitor; (b)
Close-up view of the actuator and variable capacitor microstructure; (c) C-V response
for the device [90].
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Monajemi and Ayazi developed an interdigitated gap-tuned varactor suitable for
higher frequency applications by using high aspect-ratio combined poly- and single
crystal silicon (HARPSS) technology [92]. The HARPSS fabrication technology enables
extremely small electrode gaps to be achieved, resulting in an DC actuation voltage of
only 2 V to be used to tune the device capacitance. The design included a low-inductance
suspension and a thin gold coating over the interdigitated fingers which yielded a CTR o f
100% and a Qe o f 49 at 1 GHz. A subsequent design iteration increased the CTR to 240%,
however only simulated quality factor data was presented [93]. Rais-Zadeh and Ayazi
also developed an interdigitated gap-tuned varactor using an electroplated silver device
layer on an insulating polymer substrate. The high conductivity silver structure greatly
increased the Qe to 200 at 1 GHz, however the tuning ratio was only 129% [94]. The
HARPSS and silver devices are shown in Figure 2-22.

Figure 2-22: (a) HARPSS varactor reported in [92]; (b) HARPSS varactor reported in
[93]; Silver varactor reported in [94].

Han and Cho developed an interdigitated gap-tuned varactor that uses parallelinterconnected capacitive switches as actuators [95, 96]. The device, shown in Figure 223, utilizes capacitive switches with varying electrode displacements to control the
overall displacement (and thus tuning) with a high degree o f precision. By using an array
o f parallel-connected capacitive switch actuators, a CTR o f 76% with a Qe o f 24 at 1 GHz
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was reported. Additionally, the unique tuning scheme allowed for the device capacitance
to be varied with —10 fF precision, a tenfold increase in precision versus other gap-tuned
devices.
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Figure 2-23: (a) SEM image and (b) C -V response for the high-precision, capacitiveswitch actuated interdigitated gap-tuned variable capacitor [96].

2.2.2.1.4

Non-Electrostatically Actuated Gap-Tuned Varactors

In additional to electrostatic actuation, many researchers have explored alternative
actuation schemes like electrothermal and piezoelectric actuation. Electrothermal
actuation is based on the thermal expansion o f the actuator microstructure, usually caused
by resistive heating o f the structure by applying a current. Electrothermal actuators are
capable o f generating large forces using low operational voltages, however they typically
suffer from high DC power consumption and slow response, limited by the time it takes
to heat or cool the structural material.
The first electrothermally actuated gap-tuned varactor was demonstrated by W u et
al. and utilized flip-chip integration o f a polysilicon device structure onto an insulating
substrate [97, 98]. Thermal expansion o f the actuator arms causes the vertical
displacement o f the upper electrode to increase, as shown in Figure 2-24. This geometric
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amplification tuning scheme yielded a CTR o f 600%, and the device’s transfer to a
ceramic substrate yielded a measured Qe o f 1050 at 1 GHz. Designs using similar
electrothermal actuators were demonstrated by Feng et a l [99] and Mireles et al. [100].
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Figure 2-24: (a) Finite element simulated deformation o f vertically deflecting
electrothermal actuators (scaled lOOx); (b) SEM image and (c) C -V response of
electrothermally actuated gap-tuned variable capacitor [98].

Jackson and Saavedra developed an electrothermally actuated interdigital gaptuned varactor [101], shown in Figure 2-25. The device utilizes a chevron-shaped
electrothermal actuator that uses geometric amplification to increase the relative
displacement generated by the actuator, enabling in-plane movement o f the dynamic
electrode fingers. The device achieved a CTR o f 88.2%; no Qe data was available.
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F igure 2-25: (a) Photograph and (b) capacitive response vs. frequency for the device
reported in [101].

Reinke et al. developed an electrothermally-actuated interdigitated gap-tuned
varactor with a secondary electrothermally-actuated latching mechanism (shown in
Figure 2-26), allowing the device to maintain discrete capacitance values without
expending additional power [102]. The device’s varactor area is thermally isolated from
the actuators which limits unwanted heat-induced deflection o f the cantilever electrodes.
Additionally, this practice isolates the actuator from the RF signal path, lowering the
parasitic capacitances which could restrict tunability. A CTR o f 590% was reported with
a Qe o f 95 at 1 GHz using a tuning voltage o f only 3 V.
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Figure 2-26: SEM images o f (a) the completed device, (b) thermal isolation scheme,
and (c) latching mechanism for the device described in [102].

Piezoelectric

actuation

requires the use

o f specialized materials

which

mechanically deform in the presence o f electric fields. Such actuators are capable o f bi
directional displacements using low operational voltages, however the displacements
generated are typically small but can be amplified by using multiple transducers in
parallel.
The first gap-tuned varactor utilizing piezoelectric actuation was developed by
Park et al. in 2001 [103]. Shown in Figure 2-27, the device utilizes PZT actuators whose
height increases under the application o f a biasing electric field. The device achieved a
CTR o f 210% and a Qe o f 210 at 1 GHz, however the processing temperatures required to
fabricate the device (650 °C) were too high to enable integration with standard IC
electronics.
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Figure 2-27: (a) SEM image o f piezoelectrically-actuated gap-tuned varactor and (b)
C-V response and device schematic [103].

Lee and Kim developed a gap-tuned variable capacitor that uses ZnO unimorph
actuators to induce electrode separation [104]. Zinc oxide was chosen as the piezoelectric
material as processing occurs at 300 °C, a temperature compatible with IC fabrication and
processing. Shown in Figure 2-28, the device works by using bi-directional deflection o f
the actuator beam to raise or lower the mass structure, thereby changing the device
capacitance. The device achieved a large CTR o f 2000%, however the Qe was measured
to be 10 at 2 GHz, too low for implementation into many RF systems. Future work
developing a modified piezoelectrically-actuated varactor yielded a CTR o f 1300% with a
Qe o f 20 at 2 GHz [105,106],
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Figure 2-28: (a) SEM image and (b) C-V response o f piezoelectric cantilever-tuned
varactor [104].

Nagano et al. developed a piezoelectrically-actuated gap-tuned variable capacitor
that utilizes a stacked AIN bimorph structure to enable simultaneous contraction and
expansion of individual piezoelectric structures [107, 108], shown in F igure 2-29. By
systemically inducing compression in some regions and expansion in others through the
use o f differing polarity voltages, cantilever deflection is achieved which causes the
unanchored electrode to move vertically. The resulting CTR o f the device was 400% with
no quality-faction information available.
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Figure 2-29: (a) SEM image and (b) C -V response o f gap-tuned varactor using a AIN
bimorph actuator [107, 108].

22.2,2

Area-Tuned Variable Capacitors

Area-tuned variable capacitors operate by changing the area o f the overlap
between parallel capacitor electrodes, with the most common implementation being
interdigitated comb-drive devices, as shown in Figure 2-30.

Figure 2-30: Schematic for a section o f an interdigitated comb-drive system
representative o f both an area-tuned variable capacitor and actuator. Adapted from
[41].

In an area-tuned comb-drive device, the variable capacitance is formed by the
parallel electrical connection o f multiple finger sidewalls. When a finger o f the combdrive moves by a distance x, the capacitance formed by a single fmger-to-fmger overlap
is given by
C overlap = e , e 0

+ C f,

Eq. 2-18

where again er is the relative permittivity o f the dielectric material between the capacitor
plates, eo is the permittivity o f free space, and d is the distance separating the sidewalls o f
the finger electrodes. The parameters h and k represent the height and initial overlap
length o f the fingers, and C/represents the fringing capacitance formed with the substrate,
as shown previously in Figure 2-30. The fringing capacitance Cf is usually orders o f
magnitude smaller than the capacitance formed by the overlapping o f the interdigitated
fingers and is usually neglected. From this, the total capacitance o f a device consisting o f
N overlapped fingers can be approximated as
Nh(L + x)

_

C m ® £ re o — ^ — - •

_
_
Eq. 2-19

Comb-drive devices are actuated using a separate interdigitated structure wherein
electrostatic attraction through DC bias results in an electrostatic force,

Fe =

dw

1 d c t/-2

NH rr2

3bc

2 dx

2d

V2=£r£0— r 2,

Eq. 2-20

that increases the overlap o f the actuation electrodes. As this actuation electrode overlap
increases, the entire device structure is moved which changes the overlap o f the signal
electrodes, yielding a variable device capacitance which depends on the lateral electrode
displacement as seen in Eq. 2-20.
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Comb-drive-based area-tuned varactors offer many advantages over traditional
vertically-actuated gap-tuned capacitors: fabrication is usually achieved via simple bulk
micromachining processes as opposed to complex surface micromachining, there is an
inherent isolation between the actuation and signal electrodes, and the designs are easily
scalable to meet specific nominal capacitance requirements. The principal drawback o f
comb-drive-based devices is the large device footprint necessary to realize the device.
Larson et al. developed a “proof-of-concept” area-tuned varactor in 1991 [8, 9].
Using interdigitated electrodes, a variable capacitance was demonstrated by manually
manipulating the electrodes to vary the area o f overlap. The first electrostatically-actuated
area-tuned MEMS varactors where realized by Yao et al. in 1998 [5, 109], The device
featured a suspended array of interdigitated comb fingers linked to a comb-drive actuator,
shown in Figure 2-31. The device was fabricated using DRIE surface micromachining
and coated with a thin aluminum layer to lower resistive losses to the semiconductor
substrate, achieving a CTR o f 200% and Qe o f 34 at 500 MHz. Subsequent iterations o f
die design tripled the RF performance, yielding a CTR of 740% with a Qe greater than
100 at a frequency o f 500 MHz by utilizing thicker device layers, low resistivity
substrates, and an enhanced mechanical suspension [26, 110-113]. A similar design
developed by Yalfinkaya et al. had a CTR o f 100% with a Qe o f 100 at 100 MHz [114].
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Figure 2-31: (a) Optical image illustrating device operation with varying bias voltages
and (b) C-V characteristics o f a comb-drive-actuated area-tuned varactor device [5].

Seok et al. developed an area-tuned variable capacitor that uses the vertical
displacement o f the overall device structure to change the relative height o f the overlap
between fingers in its interior comb-drive varactor structure [115], shown in Figure 2-32.
The device employs the same actuation scheme as seen in numerous parallel-plate gaptuned devices, however the displacement range is limited to the height o f the comb
fingers, negating any possibility o f pull-in effects over the voltage tuning range o f the
device. A CTR o f 10.2% and a Qe o f 4 at 2 GHz were reported, with the unusually low
values attributed to the fringing electric fields and thin device structure respectively.

Figure 2-32: (a) Schematic representation and (b) SEM image o f the fabricated areatuned variable capacitor using vertical actuation [115].

Dai et al. developed an area-tuned varactor that uses a comb-drive actuator to
induce in-plane displacement o f a large planar electrode [116]. The in-plane movement o f
the large electrode causes a change in overlap area between the dynamic and stationary
electrodes, yielding a variable capacitance. The device, shown in F igure 2-33, was
fabricated using a commercial 0.35 pm CMOS process, making it compatible with most
standard IC technologies. The design yielded a CTR o f 47.1% with no available Qe data.
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F igure 2-33: (a) Schematic and (b) SEM image o f the comb-drive actuated area tuned
parallel plate varactor device.
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2.2.2.2.1

Rotational Varactors

In order to minimize the footprint o f area-tuned devices, Nguyen et al. developed
an area-tuned device based on macro-scale varactors which utilize out-of-plane rotation
to obtain a large tuning range while keeping the device compact [117, 118]. The device,
shown in Figure 2-34, was fabricated using a DRIE process on a silicon device layer
which was anodically bonded to a Borofloat glass substrate. Photoresist polymer hinges
are used to connect the two sets o f comb fingers, and the surface tension o f the hinges
creates the initial diagonal offset o f the actuator comb-fingers shown above. This
microscale adaptation o f a mechanical variable capacitor device achieved a CTR o f
3085% and a Qe o f 273 at a frequency o f 1 GHz. While the device outperforms nearly all
other MEMS varactor designs, the fabrication process is extremely complex and would
likely prohibit monolithic integration with most ICs. Kim and Lin developed a varactor
using a similar angular comb-drive actuator affixed to a torsional spring and achieved a
CTR o f 393% [119].

S«ni>n9«t*ctfs4**

Figure 2-34: (a) Schematic, (b) SEM image, and (c) C-V characteristics o f the
rotational area-tuned varactor device with different finger lengths [118].
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W ilson et a l developed a varactor device that utilizes in-plane rotation to change
the area o f overlap between the stationary and dynamic electrodes [120, 121]. Seen in
F igure 2-35, the device is actuated by an electrostatically-driven micromachined gear
assembly. As the gears turn, the bow-tie-shaped electrode rotates and causes the device
capacitance to vary as the area o f overlap changes. The device achieved a CTR o f 1005%
with no Qe data provided.

Figure 2-35: SEM image o f gear-driven varactor with a bow-tie electrode turned to
approximately 10° off o f perpendicular where Cmin occurs at 0° and Cmax occurs at 90°
of rotation [121].

Gu and Li also developed a varactor device that uses in-plane rotation o f the
device structure to vary the overlap o f capacitive comb-structures fabricated with a
CMOS-compatible process [122]. The suspension, shown in Figure 2-36, was designed
to have increased stiffness radially outward from the central anchor, minimizing
sensitivity to low frequency mechanical vibrations. The comb electrodes are composed o f
nickel and gold layers, yielding a CTR o f 108% and a Qe value o f 51.3 at 1 GHz, where
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the relatively low Qe value was attributed to high parasitic inductances caused by the
folded-beam suspension.
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Figure 2-36: (a) SEM image o f rotational comb-drive variable capacitor with insets
depicting folded-beam suspension and variable capacitor structure; (b) C-V response
and (c) Qe vs. frequency plots [122].

2.22.2.2

Non-Electrostatically Actuated Area-Tuned Varactors

Electrothermal and piezoelectric actuation have also been explored in area-tuned
devices. Oz and Fedder fabricated multiple area-tuned varactor designs which use
electrothermal actuators to vary the overlap area o f capacitive comb-drives [123-125].
Two o f the designs are depicted in Figure 2-37. The device shown on the left was
designed to operate as a gap-tuned device which utilizes an electrothermal actuator. Due
to fabrication errors, the inner frame and comb-fingers had an initial upward curl. When
heated, the curvature relaxed which caused an increase in the area o f overlap between the
comb-fingers, yielding a CTR o f 35.7% and a Qe o f 38 at 1 GHz. The device depicted at
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the right was designed to operate as an area tuned varactor. The top and bottom thermal
actuators enable lateral displacement o f the dynamic comb-electrodes, yielding a CTR o f
252% with a Qe o f 52 at 1.5 GHz.
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F igure 2-37: Electrothermally actuated area-tuned comb-drives [125].

Liu developed a varactor device that used electrothermal actuators to generate
lateral displacement o f a rigid segmented electrode with respect to a stationary electrode,
yielding a change in the overlap area o f the capacitor [126]. The device, shown in Figure
2-38, was constructed using polysilicon layers surface micromachined with a CMOScompatible process. The device achieved a CTR o f 550%, with Qe measurements still
under investigation at the time o f reporting. Barzegar et al. developed a similar design
that also included a latching mechanism which achieved a CTR o f 17% and a Qe o f 43.4
at 1 GHz [127],
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F igure 2-38: (a) Device schematic and (b) SEM image o f laterally-actuated area-tuned
capacitor [126],

Mehdaoui et al. developed an electrothermally-actuated area-tuned rotational
varactor [128]. Shown in Figure 2-39, the device uses the offset expansions o f linear
electrothermal actuators to generate torque at the central hub which in turn rotates the
upper fragmented bow-tie electrode and changes the effective capacitance area. A 1.2 V
control voltage was used to generate a 7° rotation in the dynamic structure, yielding a
CTR of 30%.
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Figure 2-39: (a) SEM image o f rotational electrothermally-actuated varactor, (b) closeup view o f fragmented electrodes, (c) C-V characteristics o f the device, and (d)
capacitance vs. frequency plot for varying control voltages [128].

Pulskamp et al. created a piezoelectrically-actuated capacitive comb-drive areatuned capacitor [129]. The PZT unimorph piezoelectric actuators seen in Figure 2-40
generate an out-of-plane displacement which increases the effective capacitance area o f
the device. The large, high-aspect-ratio electrodes and cascaded actuator scheme enabled
a large CTR o f 1060% with a Qe o f 100 at a frequency o f 8.7 GHz. This design achieved
the highest frequency for Qe > 100 amongst devices having a CTR greater than 1000% at
the time o f publication.
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Figure 2-40: (a) SEM image and (b) device schematic o f a piezoelectrically-actuated
varactor device [129].
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2.2.23

D igital Variable Capacitors

A digital variable capacitor is a microscale device which uses combinations o f
MEMS capacitive switches and fixed-value (static) capacitances to achieve varying
discrete capacitance states, as shown in Figure 2-41.
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Figure 2-41: A 6-bit RF-MEMS digital variable capacitor utilizing weighted
capacitance selection o f bits composed o f bistable MEMS capacitive switches. Adapted
from [130].

Each capacitive switch contributes a discrete capacitance value to the device
depending on the logic state o f the switch: if the switch is open, Cswuch is small and thus
dominates the series combination resulting in a small equivalent capacitance; if the
switch is closed, Cswuch is large and both the fixed-value and switch capacitances
contribute to the equivalent capacitance o f the branch. The MEMS capacitive switches
(shown in Figure 2-42) used to vary the capacitance in these devices are a subclass o f
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gap-tuned MEMS varactors in which the pull-in effect is used to mechanically close the
switch. Similar bistable MEMS capacitive switches have been utilized by numerous
researchers to create digital MEMS varactor devices [53, 59, 131-136], with variations
used for applications in flexible circuit technology [137], high-power systems [138-139],
and high-temperature operation [140]. Tristable switches have also been used for varactor
designs [59,141].
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Figure 2-42: MEMS capacitive switch mounted in a shunt configuration over a
coplanar waveguide [130],

Digital RF MEMS variable capacitors have also been implemented using ohmic
switches like the one illustrated in Figure 2-43. These devices utilize cantilevers with
varied mechanical spring constants (different lengths or thicknesses) to enable cascade
pull-down effects [143] or voltage-controlled selection o f individual fixed capacitor bits
[144,145] yielding discrete device capacitances as a function o f actuation voltage.
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Figure 2-43: Schematic o f an RF MEMS ohmic switch [142].

2.2.2.4

Other MEMS Variable Capacitors

Many researchers have developed MEMS varactors that do not fall into the
categories previously discussed. These devices utilize novel concepts that may be useful
in future varactor implementations.
Chiao et al. developed the scratch-drive-actuated gap-tuned varactor shown in
Figure 2-44 [146, 147]. The scratch-drive actuation mechanism and associated hinges
enables the long-range in-plane movement o f the actuator to enable dynamic electrode
displacements o f 1-100 pm in 20 nm steps, yielding a theoretical CTR o f 9900%. In
practice, parasitic capacitances limited tuning to 6900% with no information provided
about electronic quality factor. The wide tuning range achieved by this design comes at
the expense o f the large voltages necessary to achieve actuation, typically greater than

100 V.
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(a)

Figure 2-44: (a) Operational diagram and (b) SEM image o f a scratch-drive-actuated
variable capacitor [147].

Yoon and Nguyen demonstrated the first varactor to utilize dielectric tuning in
2000 [148], as shown in Figure 2-45. The device uses electrostatic actuation to move a
patterned nitride dielectric layer attached to a MEMS spring between the capacitor
electrodes. As the nitride layer is pulled further in between the capacitor electrodes, the
effective dielectric constant between the plates increases yielding a larger capacitance.
The devices structure uses thick copper layers to achieve a high 0-factor o f 291 at 1
GHz, however tuning was limited to 7.7% due to the series combination o f capacitances
formed by the air gaps and nitride layer between the capacitor plates.
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Figure 2-45: (a) Conceptual schematic, (b) operational schematic, and (c) SEM image
o f a dielectrically-tuned MEMS varactor device [148].
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A varactor design utilizing a torsional MEMS spring and multiple was developed
by De Coster, et al. as shown in Figure 2-46 [149]. The device has actuation electrodes
on each side o f the torsion spring, allowing vertical displacement both towards and away
from the planar substrate through superposition o f the RF and actuation signals. This
dual-actuation mechanism was used to extend the tuning range beyond the limitations of
pull-in effects in conventional parallel-plate MEMS varactors. The device achieved a
CTR o f 61% however no information on electronic 0-factor was provided.

Figure 2-46: (a) SEM image and (b) C -V characteristics o f a torsion beam MEMS
varactor [149].

The design illustrated in Figure 2-46 was expanded on by Farinelli et al. to create
toggle varactors which use multiple actuation electrodes in conjunction with torsional
springs to achieve large vertical displacements o f the dynamic electrode o f a parallelplate capacitor, as seen in Figure 2-47 [150]. The torsional springs serve as fulcrums
which enable pull-out electrodes to raise the dynamic electrode, lowering device
capacitance, and pull-in electrodes to lower the dynamic electrode, increasing device
capacitance. The device achieved a CTR o f 147% with near identical performance in DC
and RF measurements. Similar designs were implemented by Han et al. [151] and Ling et
al. [152], achieving CTRs o f 134% and 160%, respectively.
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Figure 2-47: (a) Perspective view and (b) side view o f operational schematic o f
MEMS toggle varactor. (c) Photograph o f a completed device [150].

Cruau et al. developed a 3D-varactor that utilizes a central mobile conductor to
vary device capacitance, as shown in Figure 2-48 [153]. The device uses two RF
electrodes with comb fingers and a V-shaped mobile conductor to vary the area of
overlap seen at the RF electrodes, thereby varying the overall device capacitance. The use
o f comb structures limits the need for a large dynamic range o f the mobile electrode,
yielding a smaller device footprint.
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Figure 2-48: (a) Operational schematic and (b) SEM image o f a V-shaped area-tuned
varactor [153].

Klymyshyn et al. created a vertically-oriented gap-tuned varactor with in-plane
movement using high aspect ratio electroplated nickel structures [154, 155]. The device,
shown in Figure 2-49, uses electrostatic actuation to cause deflection o f X-ray
lithographically-patterned cantilevers, resulting in a variable capacitance. The thick metal
structures that form the device yield a high 0-factor o f 51.8 at 4 GHz, however the tuning
range is limited to 24%. A subsequent design iteration that includes the use o f leveraged
bending increased the CTR to 90% [156].
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Figure 2-49: (a) SEM image and (b) C -V characteristic curve o f vertically-oriented
gap-tuned varactor [154].

Yoon et a l developed an electrostatically-actuated gap-tuned varactor that uses an
electrically floating plate as the dynamic electrode [157, 158]. The tuning structure,
shown in Figure 2-50, enables the actuation electrode to electrically polarize a suspended
electrically floating plate which is then attracted down towards an RF signal electrode.
Since no spring structures are directly connected to the RF signal path as is the case in
most gap- and area-tuned devices, the device has a decreased series resistance which
increases overall 0-factor. The device achieved a capacitive tuning ratio o f 41% with a 0
o f 26.7 at 5 GHz. Zhu et a l adopted a similar design which utilized an electrically
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floating dielectric material which caused device capacitance to vary through electrostatic
attraction [159]. Khan et al. adopted a similar actuation scheme using comb-drives and
achieved a CTR o f 631% and a Q o f 24,4 at 1 GHz [160].
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Figure 2-50: (a) Operational schematic, (b) SEM image, and (c) C-V characteristic
curve o f a gap-tuned varactor with an electrically floating plate [158].

Pottigari and Kwon developed a unique varactor that uses the thermal expansion
o f liquid mercury to electrically connect a number o f parallel fixed capacitances, as seen
in Figure 2-51 [161]. The device consists o f a microfluidic channel, a reservoir for
containing the liquid mercury, and several parallel plate capacitors. As the temperature o f
the device increases, the liquid metal expands through the microchannel and connects the
parallel-plate capacitors yielding a linear actuation method. A CTR o f 2050% was
reported for this device with no Q-factor information provided.
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Figure 2-51: (a) CAD drawing o f liquid-metal varactor, (b) pictures illustrating
thermal expansion o f mercury within the microchannel, and (c) C -V response o f the
device [161].

Ghavanini et a l developed the first nanoscale varactor with moving parts,
shown in Figure 2-52 [162]. The device uses plasma-enhanced chemical-vapor
deposition-synthesized carbon nanofibers as vertically-aligned cantilevers which
deflect under an electrical bias. Electrostatic attraction causes the carbon nanofibers to
deflect toward each other, causing an increase in device capacitance. CTRs o f 18%
were reported with no 0-factor data available.

Figure 2-52: Vertically-aligned carbon nanofibers forming a parallel-plate
capacitor [162].

Baek et al. developed a hybrid varactor device which uses thermal actuation and
latching mechanisms to electrically connect different sets o f electrostatically-actuated
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comb drive varactors [163, 164]. The device uses a thermally-actuated four-position
switching/latching mechanism increase the total number o f comb fingers that contribute
to the device capacitance which enables coarse tuning o f the device. The electrostaticallyactuated comb-drive mechanism provides fine tuning. The latching mechanism, seen in
Figure 2-53, enables the connection between comb-drives to be maintained without
consuming additional DC power. The device achieved a CTR o f 471% with no g-factor
information reported.
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Figure 2-53: (a) Schematic view o f the variable capacitor and its switching
components, (b) C -V relationship as a function o f switch position and voltage, and (c)
continuous tuning capabilities o f the device [163].

2.3

M icrofluidic V ariable C ap acito r

While MEMS variable capacitors that use gap- and area-tuning schemes are
common, varactors which utilize dielectric tuning are few and far between. The principal
reason for this lack o f implementation stems from design problems seen in [148]—the
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dynamic movement o f solid dielectric materials requires a) springs which increases series
resistance and lowers electronic quality factor and b) air-gaps (and their associated
parasitic capacitances) to eliminate friction between the moving dielectric and device
electrodes which greatly decreases tunability. One method to achieve dielectric tuning
that eliminates both o f these drawbacks is the use o f liquid dielectric materials.
2.3.1

Operational Theory
Tuning through manipulating the displacement o f a liquid dielectric interface is

achieved by using the charged (biased) capacitor electrodes to attract molecular dipoles
o f the primary liquid dielectric material towards the fringing electric field at the electrode
edge, as illustrated in F igure 2-54.

Capacitor
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Material 1 f o )
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F igure 2-54: Conceptual illustration o f microfluidic variable capacitor operation. The
fringing electric field at the capacitor edge generates a polarization force that pushes
the molecular dipoles o f the liquid dielectric material further into the area o f electrode
overlap.

The fringing field provides a spatially-varying electric field which generates a
polarization force density
Fp=P-V £

Eq. 2-21
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where the force on the individual molecular dipoles is translated to the neutral medium,
driving the higher permittivity liquid between the parallel capacitor electrodes while
pushing the secondary dielectric material out. This action causes an increase in device
capacitance as the high permittivity material replaces the lower permittivity material until
the device is completely filled. The requirements for such an action to occur are that the
dielectric fluids are immiscible and that the high-permittivity dielectric material is
electrically polarizable.
If these conditions are met, the method o f varying device capacitance using a
movable liquid interface can be modeled as a parallel plate capacitor with two partially
inserted dielectric materials, illustrated in Figure 2-55.
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Figure 2-55: Schematic representation o f a parallel plate capacitor filled with partially
inserted dielectric materials. This configuration yields parallel capacitances with
differing permittivities.

The equivalent capacitance o f the capacitor architecture shown above is
_
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Eq. 2-22
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where a, b, and d are defined in Figure 2-22 and x is the dielectric interface displacement
measured from the left edge o f the capacitor. Substituting Eq. 2-22 into Eq. 2-11 yields a
system energy o f
1
V2
W = —C V 2 = - £ 2 eq dc
2

bx

b (a -x )

Eq. 2-23

where Vd c is the DC bias voltage used to set the operating point o f the device.
Differentiating Eq. 2-23 with respect to the dielectric interface displacement x
yields the electrostatic force acting on the dielectric materials due to an applied bias:
_ dW _ V 2 d
x

dx

2 dx

bx
* rl* 0

j

d

b(a —x)
^> 2^0

r‘ ’

E q. 2-24

d

Analysis o f Eq. 2-24 reveals an interesting phenomenon: for any materials where er\ >
tri, the electrostatic force exerted on the dielectrics by the fringing electric fields o f the
biased capacitor is always in the positive x-direction, regardless o f the polarity o f the
biasing voltage. This suggests that the electrostatic force always acts in such a way to pull
the material with a larger dielectric constant further in between the plates. In doing so, the
effective plate area seen by the high permittivity material increases as the dielectric
interface moves further between the plates which causes the equivalent capacitance o f the
device to increase. In this way, the microfluidic variable capacitor behaves like the areatuned capacitor from [148] without utilizing any moving parts or placing any mechanical
suspension in the RF signal path.
Another interesting revelation can be obtained by looking at the theoretical
minimum and maximum capacitance values for the device. Assuming er\ > sr2 , Cmin
occurs when the space between the electrodes is completely filled by dielectric with
relative permittivity eri (x = 0), or
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Eq. 2-25

min

Similarly, Cmax occurs when the space between the electrodes is completely filled by the
dielectric with er\ (x = a), or
ba

C max

Eq. 2-26

Substituting these expressions into the definition o f CTR established in Eq. 2-3 yields

CTR =

ba

Eq. 2-27

^■2^0
which illustrates that the theoretical tuning range o f such a device depends only on the
permittivities o f the dielectric materials and not on the size or geometry o f the device. By
utilizing materials with large differences in permittivity, extremely large (>50) CTRs are
achievable.
2.3.2

Modeling
The microfluidic varactor device described above was modeled using COMSOL’s

AC/DC Module with an electrostatic study to include the effects o f fringing fields on the
overall device capacitance, as well as with MATLAB using Eq. 2-23 to characterize the
device’s varying capacitance as a function o f dielectric interface displacement. Four
different devices were modeled utilizing different electrode sizes to determine the effects,
if any, o f electrode geometry on the fringing fields at the electrode edges. Capacitance
calculations were performed using a parametric sweep o f the dielectric interface
displacement at 1% o f electrode length intervals. Additionally, the electric field
distribution o f the devices was also simulated.
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In order to develop a valid comparison between the different computational
models, materials must be chosen for the liquid dielectrics and used throughout the
simulations. De-ionized (DI) water was chosen as the high-permittivity material for its
excellent insulating characteristics— at room temperature, DI water has a dielectric
constant o f er = 80 with a loss tangent o f e"/e' = 0.04 for frequencies less than 1 GHz
[165] and a dielectric breakdown voltage o f 65-70 MV/m [166]. These properties make
DI water a widely-used, high permittivity dielectric for pulse power systems where rapid
discharge is necessary like the PBFA-Z (Z Machine) and its predecessors at Sandia
National Laboratories [167]. The speed at which the dielectric can effectively discharge
will aid in the use o f the device in high frequency circuits. Another advantage o f using DI
water is that H 2O molecules naturally exhibit weak dipole moments due to the
electronegativity imbalance o f constituent hydrogen and oxygen atoms [168]. This
phenomenon will allow the fringe electric field generated at the capacitor electrode edge
to polarize the H 2O molecules in a single direction yielding a net force directed into the
device which will assist in driving the fluid between the plates o f the capacitor and lower
the voltage necessary to achieve electrostatic actuation o f the dielectric material.
Air was chosen as the second dielectric material principally due to the large
permittivity mismatch with DI water. As air has a dielectric constant o f er ~ 1, the
electrostatic force generated for a particular bias voltage will be greater than if a second
liquid dielectric like kerosene or oil were used. Additionally, gaseous contaminants like
CO 2 leeching from the air into the DI water should have a limited effect on the electrical
properties o f the water [169] whereas fluid mixing could cause extreme changes in the
dielectric properties o f the medium. Finally, air is effectively non-polarizable so the
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application o f the bias voltage will not generate a force opposed to the DI water
movement.
Shown in Figure 2-56 are the results o f the capacitance modeling for a device
utilizing a 20 mm x 2mm x 25 pm microchannel. From the simulations, the fringing
fields increase device capacitance by approximately 10% over the entire tuning range o f
the device (seen in the inset). As suggested in E q. 2-22, the total device capacitance
increases linearly with the displacement o f the dielectric interface. The simulations also
show a CTR of 6398% (COMSOL) and 8000% (MATLAB), illustrating the phenomenal
potential tuning performance o f the device versus virtually all other MEMS-based
varactor designs. If a thin (2 pm) insulating layer o f SU-8 is used to ensure against
current leakage, the device performance decreases drastically due to the inclusion o f the
series capacitance formed via the additional dielectric. In this case, the simulations show
a CTR o f 2475% (COMSOL) and 3100% (MATLAB), illustrating performance
comparable to the state-of-the-art MEMS devices reported in literature.
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Figure 2-56: Simulations for device capacitance as a function o f fill percentage for a
microfluidic variable capacitor with a 20 mm x 2 mm x 25 pm microchannel.

Figure 2-57 shows the results o f the capacitance modeling for a device utilizing a
20 mm x 4 mm x 25 pm microchannel. Again, the fringing fields increase device
capacitance by approximately 10% over the entire tuning range o f the device, resulting in
a CTR o f 6722% (COMSOL) and 8000% (MATLAB). The addition o f the insulating
layer into the model lowers device performance to a CTR o f 2601% (COMSOL) and
3100% (MATLAB). The additional electrode area obtained by doubling the width o f the
microchannel yielded a 5.09% increase in simulated CTR due to the additional fringing
fields generated.
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Figure 2-57: Simulations for device capacitance as a function o f fill percentage for a
microfluidic variable capacitor with a 20 mm x 4 mm x 25 pm microchannel.

Figure 2-58 shows the results o f the capacitance modeling for a device utilizing a
40 mm x 2 mm x 25 pm microchannel. Again, the fringing fields increase device
capacitance by approximately 10% over the entire tuning range o f the device, resulting in
a CTR o f 6685% (COMSOL) and 8000% (MATLAB). The addition o f the insulating
layer into the model lowers device performance to a CTR o f 2587% (COMSOL) and
3100% (MATLAB). The additional electrode area obtained by doubling the length o f the
microchannel yielded a 4.45% increase in simulated CTR due to the additional fringing
fields generated, showing that wider electrodes have a greater influence on the tuning
characteristics governed by fringing electric fields.
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F igure 2-58: Simulations for device capacitance as a function o f fill percentage for a
microfluidic variable capacitor with a 40 mm x 2 mm x 25 pm microchannel.

Figure 2-59 shows the results o f the capacitance modeling for a device utilizing a
40 mm x 2 mm x 25 pm microchannel. Again, the fringing fields increase device
capacitance by approximately 10% over the entire tuning range o f the device, resulting in
a CTR o f 7071% (COMSOL) and 8000% (MATLAB). The addition o f the insulating
layer into the model lowers device performance to a CTR o f 2738% (COMSOL) and
3100% (MATLAB). By doubling both the electrode width and length, an increase in
simulated CTR o f 10.5% was observed. This illustrates that larger electrodes are less
influenced by the presence o f fringing fields as the overall tuning range is closer to the
theoretical maximum given by the MATLAB simulation.
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Figure 2-59: Simulations for device capacitance as a function o f fill percentage for a
microfluidic variable capacitor with a 40 mm x 4 mm x 25 pm microchannel.

These results o f the COMSOL simulations are summarized in T able 2-1.

T able 2-1: Simulation Results: Finite-Element Modeling o f Microfluidic Variable
Capacitors.
p-channel length
[mm]

p-channel width
[mm]

Cmin [pF]

Cmax [pF]

CTR

20

2

17.715

115.1

6398%

40

2

33.905

2300.6

6685%

20

4

33.720

2300.4

6722%

40

4

64.111

4597.5

7071%

Figure 2-60 shows the results o f the COMSOL simulations on electric field
distribution within a varactor device with a 40 mm x 4 mm x 25 pm microchannel. The
figure illustrates that the electric field intensity as greatest at the transmission line for
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bias application and reduces as distance towards the electrode edge increases. At the
electrode edges, the field circulates which enables the formation o f a polarization force
density which acts on the dielectric material.

4C0O -4000 *3000 -2000 -1000

0

<000 2000 9000 4000 5000

(c)

(d)

Figure 2-60: 3D plots o f electric field lines and distribution for a biased microfluidic
varactor over (a) the entire varactor length and (b) focused on the electrode edge. The
arrows are normalized to illustrate field direction and their length is not indicative of
field strength. Surface plots o f transverse electric field distributions (c) at the electrode
edge and (d) at the electrode feed point.

2.3.3

Device Design and Fabrication
Shown in Figure 2-61 is an exploded diagrammatic view o f a microfluidic

variable capacitor. The device consists o f two glass substrates, each with a patterned
chromium electrode, and a polymer microchannel layer with attached microfluidic
reservoirs. Water will be supplied to the device using the affixed Upchurch Scientific
Nanoport assembly which provide tubing access to the etched inlet/outlet holes.
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Figure 2-61: Exploded view of a microfluidic variable capacitor device detailing each portion
of the assembly.

2.3.3.1

Electrodes and Alignment Marks

To enable simple device operation, “T”-shaped electrodes were employed where
the stem serves as a feedline to the varactor device. The branches o f the “T” are varied to
conform to microchannel dimensions o f different devices. The electrodes were fabricated
by photolithographically patterning borosilicate glass slides which had been coated with a
50 nm layer o f chromium. Alignment marks to aid assembly o f the completed device
were also including on the photolithography mask. A single photolithography mask was
designed to accommodate all used variations o f the microchannel dimensions and is
shown in Figure 2-62.
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F igure 2-62: Photolithography mask design for patterning microfluidic varactor
electrodes. The hourglass shapes on each side are alignment marks to ensure a
maximum area o f electrode overlap.

To pattern the electrodes, the chromium-coated substrates were first affixed to the
spin chuck o f an MTI VTC-50A Spin Coater and deposited with 2 mL o f Shipley
Microposit S1811 photoresist. The substrates were then spun at 3000 RPM for 60
seconds to achieve a 1 pm layer o f photoresist over the substrate surface which, after
processing, will serve as a mask for chemical removal o f unwanted chromium features.
After a 5 minute rest period to reduce the photoresist solvent concentration through
evaporation, the substrates were placed on the photolithography mask and visually
aligned before a five minute exposure to ultraviolet radiation which makes unmasked
areas soluble to the resist developed. Next, the substrates were placed on a 60 °C hotplate
for 5 minutes for a post-exposure bake. After a brief cooling period, the substrates were
immersed in a bath of Microposit MF-319 Developer and agitate for 30 seconds to
remove any soluble regions o f photoresist. The substrates were then rinsed in DI water
and placed into a bath o f Transene Type 1020 Chromium Etchant for one minute which
removes the unwanted chromium features not protected by the developed photoresist
mask. Finally, the substrates are then rinsed with acetone and isopropyl alcohol to

74
remove the remaining photoresist, exposing the chromium layer underneath. The
electrode and alignment mark patterning process flow is summarized in Figure 2-63 and
the results o f this patterning process are shown in Figure 2-64.

(b)

|

[

G lass Substrate

[ j|

Chromium

I ,' I

S1811 (Photoresist)

Figure 2-63: Process flow diagram for patterning electrodes and alignment marks, (a)
Substrate is coated with 50 nm o f chromium, (b) A 1 pm layer o f S I811 photoresist is
deposited on top o f the chromium and exposed to UV radiation, (c) The photoresist
layer is developed, removing unwanted photoresist features, (d) The exposed
chromium is etched, leaving behind the patterned features topped with photoresist, (e)
The photoresist is moved, revealing the patterned chromium layer underneath.

Figure 2-64: Glass substrates with photolithographically-pattemed alignment marks
and electrodes designed for microfluidic varactors with microchannel dimensions (a) 2
mm x 20 mm x 25 pm, (b) 4 mm x 20 mm x 25 pm, (c) 2 mm x 40 mm x 25 pm, and
(d) 4 mm x 40 mm x 25 pm.

2.3.3.2

MicroChannel and Microfluidic Reservoir

The fabrication method used to realize the microfluidic varactor devices relies on
the xurographic patterning of thin adhesive layers to form the microchannel. Xurography
is a micromanufacturing process commonly used in biomedical engineering for creating
microstructures in which a computer-controlled knife-plotter is used to cut patterns into a
polymer sheet. Once the outline o f the design has been carved into the polymer, the
unwanted portions o f the design are discarded and the remaining portion is then affixed to
a substrate for usage. The polymer chosen for use in the microfluidic variable capacitors
is 3M #9019 adhesive polymer. This polymer has a thickness o f 25 pm including the
adhesive layers and been used in previous experiments to fabricate microchannels for
DNA melting analysis and DNA polymerase chain reaction experiments [170]. The use
o f a double-sided adhesive polymer has numerous benefits for the device fabrication
process: the xurographic technique for creating microchannels does not require the use o f
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eleanroom or photolithography equipment, the speed at which the channels can be
designed and fabricated is reduced from several hours for conventional 3-D
microstructure processing to a few minutes, the material cost per device is significantly
reduced, and bonding between processed substrates to complete the fabrication process is
rapid and guaranteed.
The microchannels include a xurographically-pattemed stop valve which is
designed to prohibit fluid flow into the microchannel due to capillary action. The stop
valve as implemented is a simple passive gating system that exploits pressure barriers
which arise from changes in the microchannel cross-section. A schematic diagram o f the
stop valve is shown in F igure 2-65.

Figure 2-65: A top-down view o f a microfluidic stop valve including angle definitions.
Adapted from [171].

The pressure of the fluid flowing in the microchannel is a function o f system
energy W and liquid volume, Vi, given by
dA ,
D
dw
cos G,
dV,
p = - w r y'->

dA,
dV!

Eq. 2-28

where yia is the surface energy at the liquid-air interface area, 6Cis the equilibrium contact
angle, A si is the solid-liquid interface area, and A/a is the liquid-air interface area [171]. In
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the area o f the stop valve, the sudden increase in Aia causes the fluid pressure P to be
negative, resulting in a pressure barrier which impedes fluid flow.

After this point,

external forces must be applied to induce the fluid into the expansion region and resume
flow. Figure 2-66 shows the microchannel patterns used to define the microchannel, stop
valves, and microfluidic reservoirs for each device.

Figure 2-66: MicroChannel pattern used to define the microchannel, stop valves, and
microfluidic reservoirs for microfluidic variable capacitor devices.

To fabricate a microchannel layer, a sample o f 3M #9019 adhesive polymer is
loaded into the Graphtic CraftROBO Pro cutting plotter for xurographic patterning, as
shown in Figure 2-67.
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Figure 2-67: Xurographically-pattemed microchannel layer for a 4 mm x 40 mm x 25
pm microfluidic variable capacitor device.

After completion o f the patterning process, the exposed adhesive surface o f the
microchannel layer is used to adhesion bond the layer to a prepared glass substrate, as
shown in Figure 2-68.

3M # 9 0 1 9 Adhesive
Polymer

MicroChannel
Region
Stop Valve Region

Microfluidic
Reservoir

Figure 2-68: Photograph o f a patterned microchannel layer affixed to a prepared
substrate with key features illustrated.

2.3.3.3

Inlet/Outlet Hole

The inlet and outlet holes are fabricated by chemically etching the backside o f a
glass substrate with a patterned chromium electrode. A mechanical punch is used to
remove a 1.5 mm diameter hole from a piece o f chemically resistant Kapton tape. The
Kapton tape is then affixed to the glass substrate while ensuring that the hole location

coincides with that o f a microfluidic reservoir. A drop o f 50% hydrofluoric acid is then
deposited on the hole in the Kapton tape. The HF must be removed and the substrate
cleaned after 15 minutes of etch time to remove calcium fluoride deposits generated by
reactions between the HF and borosilicated glass substrate. Three etch cycles were
necessary to leave only a thin membrane o f glass on the front surface o f the substrate.
This membrane is removed with a silicon-carbide drill bit to complete the through-hole.
A completed etched/drilled substrate is shown in Figure 2-69.

Figure 2-69: A 4 mm x 40 mm x 25 pm microfluidic variable capacitor electrode
substrate with etched/drilled through-holes.

After the through-hole is completed, Upchurch Scientific Nanoport assemblies
(shown in Figure 2-70) are baked onto the back surface o f the glass substrate.

Figure 2-70: The components o f an Upchurch Scientific Nanoport Assembly to be
affixed to a glass substrate using thermal-set epoxy rings.

80
After the Nanoport assembly has been bonded, the inlet/outlet holes are fully
fabricated (as shown in Figure 2-71) and the substrate is ready for final assembly.

Figure 2-71: A 2 mm x 20 mm x 25 pm microfluidic variable capacitor electrode
substrate with completed inlet/outlet hole assemblies.

2.3.3.4

Final Assembly

The xurographically-pattemed microchannel layer is used to adhere the primary
glass substrate with photolithographically-pattemed chromium electrode and inlet/outlet
holes to the secondary glass substrate with an additional photolithographically-pattered
copper electrode, forming a parallel plate capacitor with a microchannel between the
electrodes. The completed devices with varying electrode sizes are shown in Figure 2-72.

Figure 2-72: Completed microfluidic variable capacitors with varying microchannel
dimensions.

2.3.4

Testing and Measurement
Testing o f the microfluidic varactor devices was conducted using a Mastech 390-

735 capacitance meter and a Stanford Research Systems PS350/5000V-25W High
Voltage Power Supply. The initial capacitance (no liquid dielectric in the microchannel)
was measured for each electrode configuration.

This measurement was taken as a

baseline to analyze the results o f testing with a fluid dielectric; if the measured
capacitance is less than the baseline, obviously current leakage between the conductors is
present which will skew any collected data.
During testing with the liquid dielectric, the varactor device was oriented
vertically such that any fluid movement would be against gravity. DI water was injected
into the inlet reservoir and manually pumped such that the liquid-air interface occurred at
the electrode edge once pressure equilibrium was established in the device.

A t this

position, the capacitance o f each device was again measured to serve as the unbiased
capacitance Co.
An increasing DC voltage was applied to generate electrostatic forces necessary
to overcome the equilibrium vacuum pressure holding the liquid-air interface stationary
until visual observation o f the fluid movement could be made.

Unfortunately, the

chromium electrode was not transparent enough to see the fluid movement through the
microchannel even with the use o f coloring agents to increase visibility. Instead, manual
control o f the liquid interface displacement was used via a syringe connected to the fluid
inlet and capacitance measurements were taken. A linear relationship between the bias
voltage and device capacitance was assumed as a result o f the performed modeling, and
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this relationship and the observed bias voltage necessary to achieve a maximum fill level
were used to generate the following data sets.
Figure 2-73 shows the capacitance vs. fill percentage and actuation voltage data
for a microfluidic varactor with 2 mm x 20 mm x 25 pm microchannel dimensions. The
device has a minimum capacitance value o f 15.1 pF at 0 V DC bias and a maximum
capacitance value o f 716 pF at 55.2 V DC bias, yielding a measured CTR o f 4640%. The
capacitance values deviate by an average o f 26.5% from those predicted by the COMSOL
simulations, and the measured CTR is 88.2% o f the simulated value. These discrepancies
can be attributed to variations in the thickness o f the polymer and adhesive layers and
dimensional inaccuracies introduced by the simple fabrication method, respectively.
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Figure 2-73: Device capacitance as a function o f fill percentage and actuation voltage
for a microfluidic varactor with 2 mm x 20 mm x 25 pm microchannel dimensions.

Figure 2-74 shows the capacitance vs. fill percentage and actuation voltage data
for a microfluidic varactor with 4 mm x 20 mm x 25 pm microchannel dimensions. The
device has a minimum capacitance value o f 38.0 pF at 0 V DC bias and a maximum

capacitance value o f 1880 pF at 98.5 V DC bias, yielding a measured CTR o f 4850%.
The capacitance values deviate by an average o f 15.5% from those predicted by the
COMSOL simulations, and the measured CTR is 72.3% o f the simulated value. Again,
these discrepancies can be attributed to variations in the thickness o f the polymer and
adhesive layers and dimensional inaccuracies introduced by the simple fabrication
method, respectively.
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Figure 2-74: Device capacitance as a function o f fill percentage and actuation voltage
for a microfluidic varactor with 4 mm x 20 mm x 25 pm microchannel dimensions.

Figure 2-75 shows the capacitance vs. fill percentage and actuation voltage data
for a microfluidic varactor with 2 mm x 40 mm x 25 pm microchannel dimensions. The
device has a minimum capacitance value o f 36.5 pF at 0 V DC bias and a maximum
capacitance value o f 1912 pF at 105.9 V DC bias, yielding a measured CTR o f 5140%.
The capacitance values deviate by an average o f 12.3% from those predicted by the
COMSOL simulations, and the measured CTR is 76.8% o f the simulated value. Again,

84
these discrepancies can be attributed to variations in the thickness o f the polymer and
adhesive layers and dimensional inaccuracies introduced by the simple fabrication
method, respectively.

0

10

20

30

Actuation Voltage [V]
40
50
60

70

80

90

2500

2000
u 1500

a 1000
500

1
[Measured
— — CO M SO L
—

0

10

20

30

40

50
% Filled

60

70

80

-'MATLAB

90

100

Figure 2-75: Device capacitance as a function o f fill percentage and actuation voltage
for a microfluidic varactor with 2 mm x 40 mm x 25 pm microchannel dimensions.

Finally, Figure 2-76 shows the capacitance vs. fill percentage and actuation
voltage data for a microfluidic varactor with 4 mm x 40 mm x 25 pm microchannel
dimensions. The device has a minimum capacitance value o f 68.6 pF at 0 V DC bias and
a maximum capacitance value o f 4351 pF at 183.2 V DC bias, yielding a measured CTR
o f 6240%. The capacitance values deviate by an average o f 6.2% from those predicted by
the COMSOL simulations, and the measured CTR is 88.2% o f the simulated value.
Again, these discrepancies can be attributed to variations in the thickness o f the polymer
and adhesive layers and dimensional inaccuracies introduced by the simple fabrication
method, respectively.
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Figure 2-76: Device capacitance as a function o f fill percentage and actuation voltage
for a microfluidic varactor with 4 mm x 40 mm x 25 pm microchannel dimensions.

Figure 2-77 depicts the capacitance vs. fill percentage data for all four varactor
designs. From Figure 2-77, we can see that an increase in electrode dimensions by a
factor o f 2 yields an approximately doubled device capacitance as is predicted by both the
COMSOL and MATLAB models.
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Figure 2-77: Capacitance vs. fill percentage data for different microchannel
dimensions.

The results o f the microfluidic varactor experiments and modeling are
summarized in Table 2-2.

Table 2-2: Microfluidic Varactor Capacitive Tuning Range Performance.
Actuation

CTR-

CTR-

CTR-

Voltage [V]

Measured

COMSOL

MATLAB

2 mm x 20 mm x 25 pm

0-55.2

4642%

6398%

8000%

4 mm x 20 mm x 25 pm

0-98.5

4847%

6722%

8000%

2 mm x 40 mm x 25 pm

0-105.9

5138%

6685%

8000%

4 mm x 40 mm x 25 pm

0-183.2

6243%

7071%

8000%

MicroChannel Dimensions
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2.3.5

Conclusions and Future W ork
The data presented in Table 2-2 shows that a variable capacitor utilizing a

partially inserted liquid dielectric is capable o f achieving wide tuning ranges. The
fabrication method used enabled simple device design and manufacture, however
dimensional inaccuracies were introduced which caused the performance to deviate from
the predictions o f simulations. Use o f conventional microfabrication techniques and
materials would likely result in a device which achieves even better performance with
enhanced reliability necessary for commercial applications.
To fully characterize the behavior o f the device and its functionality, RF
measurements must be made. Using a vector network analyzer, the device impedance as a
function o f frequency and resonance curves can be used to quantify the radio frequency
performance of the device including electric quality factor and insertion loss.

CHAPTER 3
GRAPHENE-DOPED POLYMER FILMS FOR
ELECTROMAGNETIC INTERFERENCE
SHIELDING APPLICATIONS

3.1

Introduction

All electronic devices and many natural phenomena generate electromagnetic
(EM) radiation in the form o f propagating waves containing orthogonal electric and
magnetic fields. Electromagnetic radiation can take many forms and is typically classified
by the wavelength, X, or linear frequency, v, o f the radiation as shown in Figure 3-1.

Increasing Frequency (v)
I02J

l

. l

l(l~

1020

I.

Y rays

10

I 0 ‘"

X rays

uv

1012

.. I
IR

I01
0
I

10s
.I

M icrow ave

FM

to6
I,

1I0-

10*

AM

10°

I

v (H z)

Long radio w aves

Radio w aves

I
10-'

10 - '

10'

i
I0 -1

I
I
io-s ;;io-h

i "

10-’

i
10-

1
10"

1
10-

:

i

i

i

lO"

10"

10"

X. (m)

Increasing Wavelength (X) -»
V isible spectrum

m ; „i.
400

500
Increasing W avelength

6(H)

(X) in nm

700
■

Figure 3-1: Classification o f EM radiation as a portion o f the electromagnetic
spectrum [172].
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Some forms o f EM radiation are useful-radio waves, visible light, etc.-and some
forms may be considered harmful-y-rays, ultraviolet light, etc. The prevalent source o f
man-made EM radiation is the use o f electronic devices which utilize some form o f
wireless communication technology and the proliferation o f such devices has exacerbated
issues with electromagnetic interference (EMI).
Electromagnetic interference is any spurious form o f EM radiation that causes
performance degradation or loss o f information within an electronic component, system,
or device through electromagnetic induction or coupling [173]. The effects o f EMI may
include temporary degradation effects like signal distortion and loss or permanent
degradation like system o f component failures. The principal method o f combatting the
effects o f EMI is the use o f EM shielding enclosures which hinder the propagation o f EM
fields through various mechanisms. An EM shielding enclosure may be used to house
sensitive electronics which require isolation from external sources o f EMI or conversely
to confine the EM emissions o f a device from interfering with external susceptible
entities.
In the most basic sense an electromagnetic shielding enclosure is simply an
electrically conductive housing which prohibits the transmission of EM radiation across
its walls. The walls o f a shielding enclosure may be constructed o f mesh (perforated)
sheets, in which case the enclosure acts like a sieve that prevents EM radiation with
wavelengths larger than the holes o f the mesh from passing through, or solid conductors
which block EMI with both short and long wavelengths. The principal drawback o f using
solid conductors for shielding enclosures is the increased cost and weight o f such an
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enclosure. The performance o f a EMI shielding enclosure is quantified by its shielding
effectiveness

iS!£’(dB) = lOlog

( p1 )

= 20 log

= 20 log

( 1 T1 Tj \
Eq. 3-1

where P, is the EM power, Ei is the amplitude o f the electric field, and Hi is the amplitude
o f the magnetic field intensity incident on the shielding enclosure and P t is the EM
power, E, is the amplitude o f the electric field, and Ht is the amplitude o f the magnetic
field intensity transmitted through the shielding enclosure.

3.2

Electromagnetic Shielding Theory

To quantify the behavior o f an EM shielding enclosure, an understanding o f how
an EM wave interacts with the material that comprises the shielding enclosure is
necessary. The following assumptions will be made throughout this section: the distance
between the EMI source and the shielding enclosure, r, is sufficiently large such that farfield behavior is dominant (r > 2X) as shown in Figure 3-2 where X is the wavelength o f
the EM radiation; the shielding material is homogeneous (permittivity es and permeability
jus are linear) and a good conductor (as » (oes) where <rs is the electrical conductivity o f
the shielding material and co is the angular frequency o f the EM radiation; and the
shielding enclosure consists o f a planar slab o f material with a finite thickness t to
illustrate which material properties influence shielding effectiveness without considering
geometric contributions due to the shape o f the enclosure.
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Figure 3-2: Characterization o f electromagnetic waves as a function o f distance from
source [174].

In the far-field region, all EM fields can be considered as plane waves
propagating in a direction normal to the wavefront, as seen in Figure 3-3.

Omnidirectional

/^ahtennT^s.

Figure 3-3: As distance between the radiating antenna and surface o f incidence
increases, the wavefront becomes increasingly planar.
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These waves can be described in the frequency domain by the Helmholtz
equations

V2E+6?JU£E = 0

Eq. 3-2

V2H + 6///cH = 0

Eq. 3-3

and

whose solutions are travelling waves propagating in a direction orthogonal to E and H.
An EM wave has a characteristic impedance defined as

n=

E
|H|

=J

jam

E q. 3-4

....T

]j(T + j a x

where e is the permittivity, /u is the permeability, and a is the electrical conductivity o f the
material through which the wave is propagating. When an electromagnetic wave
transitions between two materials (wave propagation across a material interface), its
characteristic impedance changes. Consider the case o f an electromagnetic plane wave
incident normal to the surface o f a slab o f shielding (conductive) material o f finite
thickness, t, as shown in Figure 3-4.
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Figure 3-4: Behavior o f normally-incident plane waves on a shielding medium.
Adapted from [174],
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When the incident waves in Region 1 reach the material interface at x = 0, some
portion of the total wave power will be reflected at the interface (propagating in the -jcdirection) generating the reflected waves E r i and H r i , and the remainder will be
transmitted into the shielding material (propagating in the +x-direction) as waves Es and
Hs where a finite conductivity for the shielding material (crs 4 °°) has been assumed, as
illustrated in Figure 3-4. If the shielding material is electrically conductive, waves Es and
Hs will experience attenuation due to resistive losses while propagating through the bulk
o f the shielding material. When waves Es and Hs reach the material interface at x = t,
again some portion o f the wave power will be reflected at the interface generating the
reflected wave E r i and Hm, while the remainder will be transmitted into Region 3 as
waves Ei and Hi. Reflected waves E r i and H r i may again reflect at the material interface
at x = 0 or be transmitted into Region 1. From this, we can see that the shielding
effectiveness defined in Eq. 3-1 is thus due to a combination o f reflection loss R,
absorption loss A, and internal reflections B, as
SE (d B ) = R (dB ) + ^(dB )+ B (dB ) •

3.2.1

Eq. 3-5

Reflection Loss
The generation of the reflected waves E r \ and H r \ seen in Figure 3-4 occurs

because o f the change in wave impedance that occurs at the interface o f Region 1 (free
space) and Region 2 (the shielding material). The wave impedance in Region 1 (e = eo, n
= fio, o = 0 ) is

E q. 3-6

and the wave impedance in Region 2 (er4 » coes) is
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* =

]j(Ts + jai£s

~ ~ ^
]j a s

= d + J ) J ^ = V, •
2os

E q. 3-7

This change in wave impedance can be characterized by the reflection coefficient o f the
interface, given by

r,2=

^

v2+n,

=^

.

Eq. 3-8

n, +v,

Satisfying boundary conditions requirements for the propagation o f normally incident
EM waves at the interface yields the relationships

£ ,= (l + r,2) £ , = - ^ - £ ,

Eq.3-9

ns +7io
and

E q . 3-10
n, +Vo
where Ei (Hi) is the amplitude o f the electric (magnetic) field incident on the surface o f
the shielding material (x = 0“) and Es (Hs) is the amplitude o f the electric (magnetic) field
as they begin to propagate through the shielding material (x = 0+), as seen in F igure 3-4.
The negative sign on the reflection coefficient o f the magnetic field equation comes from
the requirement that the reflected wave power is travelling opposite the direction o f Es
( H s).

The material interface at x = t will also have an associated reflection coefficient
_7),-Tl2 _ % ~ V s

i 23 = --------- = ---------TJ3 + 7 J 2

TJ0 + J ) s

r

_

E q . 3-11
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At the interface between Regions 2 and 3 (and neglecting any attenuation Es and
Hs may experience due to propagation within a lossy medium), the relationships between
the propagating wave Es (Hs) at x = f and the transmitted wave E t (Hi) at x = t+ are

£,=(l + raj)£,=-^L_£,

E q. 3-12

Vo+Vs

and

2ns
Vo +7ls

H t = ( l - T 23)H S

E q. 3-13

Substituting E q. 3-9 into E q. 3-12 and Eq. 3-10 into E q. 3-13, we can then see
that the portions o f Ei and Hi transmitted though the shielding material is given by

e,

=(i+r12)(i+r23)£',

E q. 3-14
Vs+VsVo+Vs

Wo

+VJ

and

h , =(i-r12)(i-r23)/f,. = - ^ —

1^ - H

Vs+VsVo+Vs

i = , 4rloTls;,2 h i: '.
‘

E q. 3-15

(Vo+Vs)

For electrically conductive shielding materials, rjo » rjs and thus

E ,^ E i

E q. 3-16

Vo
and

H

, A

h

,

E q. 3-17

Vo
yielding a reflection loss o f
i?(dB) = 20 log r v = 20 log
U J

= 20 log

0

K^Vs )

E q. 3-18
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3.2.2

Absorption Loss
When an electromagnetic wave propagates through a lossy medium like a

conductive material, the majority o f the fields are confined to propagate near the surface
o f the conductor due to a phenomenon known as the skin effect [175]. The skin effect
occurs due to induced eddy currents generated by the non-reflected portions o f the
dynamic magnetic field. The eddy currents generate an induced magnetic field that
opposes the propagating magnetic field Hi, causing joule heating (ohmic losses) through
the bulk o f the material and a reduction in field intensity as a function o f propagation
distance through the medium, given by
Eq. 3-19
and
Eq. 3-20
where Eo (Ho) are the amplitudes o f the electric (magnetic) fields at x = 0+ and 8 is known
as the skin depth o f the material, given by

Eq. 3-21

A t the material interface at x = t, the field intensities are given by
eM

= e^

is

Eq. 3-22

and
E q. 3-23
yielding an absorption loss of
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A(dB) = 2 0 l o g f = 2 0 log
kW ) j
3.2.3

r H s( 0 )N
= 2 0 lQg(e "*)•

EQ- 3-24

Losses Due to Multiple Internal Reflections
For electromagnetic waves incident on a conductive medium (>70 » rjs), analysis of

E q. 3-9 and E q. 3-10 shows that most o f the incident electric field will be reflected by
the shielding material and most o f the incident magnetic field will be transmitted into the
shielding material. If the slab o f shielding material seen in Figure 3-4 is sufficiently thin
such that absorption losses are small, internal reflections may occur at the material
interface between Regions 2 and 3 generating backwards-travelling waves Er 2 and Hr 2 . A
portion o f these reflected waves can in turn reflect off the material interface between
Regions 1 and 2, generating forward-travelling waves. This process can repeat
indefinitely, however the intensity o f the internally-reflected waves is typically negligible
after a few reflections due to absorption losses from propagating through the shielding
material multiple times [174].
For a slab o f shielding material with thickness small enough to support multiple
internal reflections for the propagating magnetic field wave, the intensity o f the total
magnetic field transmitted through the shielding material is given by

//Vo(=//0(i-i]2K /5(i-r23)+//0(i-i]2^^(r23K /5(i]2)e-'/5(i-r23)+...

=5 i ™ ( r y(py
Vo

Vo

E q. 3-25
2 sinl(r/<5)

where the phase-shift experienced by the propagating wave(s) has been neglected. This
model includes reflection from the material interface between Regions 1 and 2,
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attenuation losses, and multiple internal reflections for the magnetic field. The total losses
experienced by magnetic fields propagating through the shielding material would then be

S £ (d B ) = 201og - 2 -

M

= 201og

+ 2 0 1 o ^ 2 s i n h ( ? /<?)].

E q .3 -2 6

j

Equating this expression with Eq. 3-5 and observing that the first term is Z?(dB) (Eq.
3-18), the second term must then be ^l(dB) + i?(dB). Solving for 5(dB) yields
5 (d B ) = 20 log[2sinh ( / / < ^ ) ] - 20 log{e,/s )= 20 log(l - e~2,is).

E q. 3-27

The term 2?(dB) is often referred to as the shielding effectiveness correction factor as its
value is always negative and thus lowers the total shielding effectiveness in the case o f
thin shielding materials which support multiple internal reflections o f the propagating
electromagnetic fields.

3.3

M ethods for M easuring F ar-Field Shielding Effectiveness

There are four basic methods for measuring the far-field shielding effectiveness o f
material samples: the open field (or free space) method, the shielded room method,
shielded box methods, and coaxial transmission line methods [176], Each o f these
methods have specific advantages and disadvantages which will be discussed below.
3.3.1

Open Field Method
The open field or free space method o f shielding effectiveness measurement is

used to determine the amount o f EM radiation that is transmitted through a shielding
enclosure designed to house a specific electronic assembly where the shielding enclosure
and internal electronics are treated as a single device. This method is used by
manufacturers to ensure EMI compliance within established standards and serves as a test
o f the in-operation performance o f a completed device and its associated EMI shielding.
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The device-under-test is placed in an area with no metallic objects and receiving
antennas are placed at various distances away (dmm = 30 m). Any signals transmitted to
the receiving antennas are processed by noise meters to ascertain the radiated field
strength o f the EM emissions. Simultaneously, conducted emissions transmitted through
the power source are also measured [176], as shown in F igure 3-5.

Receiving

device

Figure 3-5: A block diagram describing the open field shielding effectiveness
measurement [176].

3.3.2

Shielded Room Method
The shielded room method o f measuring EM shielding effectiveness is used to

determine the qualitative response o f a planar sample o f shielding material. In this
method, a large anechoic chamber is divided into two regions by a metal partition
containing an aperture to enable EM transmission between the two regions. A
transmitting antenna is placed inside the chamber on one side o f the aperture and a
receiving antenna is placed inside the chamber on the other side o f the aperture with
the distance between the antennas remaining fixed. All signal generators, amplifiers,

and receivers are located outside the test chamber to minimize potential interference.
A reference measurement is made by transmitting a signal through the aperture. Then
a sample (with surface area typically larger than 2 m2) is placed over the aperture with
care to ensure that electrical contact is made between the sample and metal partition
in order to electrically isolate the transmitting and receiving antennas. A signal is
transmitted across the sample and picked up by the receiving antenna, as shown in
F igure 3-6. The shielding effectiveness o f the sample is determined by comparing the
signal levels with and without the shielding material closing the aperture. This method
is an adaptation o f the MIL-STD-285 testing procedure for enclosures in the
frequency range of 100 kHz - 10 GHz developed in 1956 [177].

Sample Under Test

Transmitting
Antenna

Receiving
Antenna

Signal
Generator

Amplifier

Figure 3-6: Schematic diagram o f shielded room
measurements. Adapted from [178].

Receiver

shielding effectiveness

The principal drawback o f this method is the size o f the test enclosure and the
requirement for a large sample o f shielding material to minimize diffraction effects. For
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this reason, this method is typically restricted to solid and perforated metal samples
generated via industrial processes as opposed to laboratory-generated samples.
3.3.3

Shielded Box Methods
The shielded box method is a scaled-down version o f the shielded room method

with a few fundamental changes: instead o f an anechoic chamber which uses baffles to
prevent reflections and simulate far-field conditions, a reverberation chamber is used to
house the testing apparatus; a metal box with an aperture replaces the need to partition
the reverberation chamber; and electromagnetic gaskets are used to prevent signal
leakage between the reverberation chamber and interior o f the shielding enclosure due to
the smaller required sample size. A block diagram detailing the experimental set-up is
shown in Figure 3-7.

Source

Receiving
Antenna
Material
Under Test
Shielding

Enclosure

Figure 3-7: Block diagram o f shielded box shielding effectiveness measurement.
Adapted from [176].

The shielded box method is widely used for comparative measurements o f test
specimens o f different shield materials [176] however the experimental set-up, as
described above, has numerous drawbacks: the use of a reverberation chamber requires
multiple measurements be made by placing the transmitting antenna at various points
inside the reverberation chamber to determine an average for the shielding effectiveness
o f the sample resulting in difficulties with experimental repeatability; adequate electrical
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contact between the test specimen and metal box is difficult to achieve, causing the
results o f the test to be highly dependent on operator skill as opposed to material
properties; and the performance o f the experimental set-up is only reliable for frequencies
up to 500 MHz. To overcome these limitations, researchers have used adaptations o f
IEEE Std 299 [179-183] and ASTM E1851 [184-188] such as the use o f anechoic
chambers, frequency stirrers (both inside the reverberating chamber and metal box), and
simultaneous excitation via multiple transmitting antennas to increase measurement
accuracy and repeatability [189-191].
3.3.4

Coaxial Transmission Line Methods
Coaxial transmission line methods o f measuring shielding effectiveness o f planar

samples are based on waveguide/transmission line theory and use electromagnetic
coupling effects to measure the amount o f power transmitted through a shielding sample.
Coaxial transmission line test fixtures are the most commonly used means to measure
shielding effectiveness of planar EMI shielding material samples as the results are easily
repeatable and can be resolved into reflected, absorbed, and transmitted components by
observing the scattering parameters o f the multiport network, allowing an operator to
determine the dominant shielding mechanism o f a sample as well as the quantitative
results o f the experiment [176].
3.3.4.1

A ST M E S7 Test Fixtures

The first coaxial transmission line test fixtures were developed in the early 1980s
and utilized a two-part coaxial test fixture with a solid inner conductor as shown in
Figure 3-8. These test fixtures used washer-shaped samples which were inserted between
the inner- and outer-conductors o f the test fixture which enabled the test apparatus to
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support TEM n modes o f electromagnetic radiation. The dimensions o f both the sample
and test fixture were standardized in ASTM ES7, yielding an operational frequency range
of 1 M Hz - 1.8 GHz [192]. At frequencies higher than 1.8 GHz the tapered section o f the
test fixture can support and reflect higher-order modes causing measurements to be
unreliable.

Outer
"Conductor

Coaxial
Connector

s Inner
Conductor
(a)

(b)

Figure 3-8: (a) Cross-sectional view (adapted from [176]) and (b) picture o f ASTM
ES7 test fixture [193].

To facilitate measurements at higher frequencies, researchers altered the
dimensions o f the test fixture to increase the cut-off frequency o f the supported mode,
given by

where c is the speed o f light in a vacuum, and n and n are the radii o f the inner and outer
conductor, respectively while also maintaining the characteristic impedance o f the test
fixture at Zo = 50 Q using the relationship

E q. 3-29
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Modified versions o f the ASTM ES7-83 design have achieved operating frequencies up
to 5 GHz [193-195],
3.3.4.2

ASTM D 4935 Test Fixtures

To improve measurement accuracy, coaxial test cells with interrupted conductors
were developed. These cells utilize capacitive coupling between the sections o f the inner
conductor and flanges to determine the shielding effectiveness o f conductive samples by
measuring the difference in signal strength using load and reference samples, as shown in
Figure 3-9.

Outer
Conductor

Coaxial
Connector

s

Sample

Inner

Conductor

(a)

(b)

Figure 3-9: (a) Cross-sectional view (adapted from [176]) and (b) picture o f ASTM
D4395 test fixture [193].

The load sample consists o f an insulating disc coated with shielding material with
size equal to the external dimensions o f the test apparatus. The reference sample consist
o f an insulating disc coated with shielding material with size equal to the dimensions o f
the inner conductor and a concentric ring o f shielding material with dimensions matching
the flange dimensions o f the test apparatus, as shown in Figure 3-10. The reference and
load samples must be made o f the same material and have the same thickness to ensure
accurate results. The dimensions o f both the sample and test fixture were standardized in
ASTM D4935, yielding an operational frequency range o f 30 MHz - 1.5 GHz [196,197].
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Jcmge

(a )

(b)

Figure 3-10: (a) Load and (b) reference samples for ASTM D4395-based test fixtures.

These test fixtures suffered similar problems as ASTM ES7 fixtures at highfrequencies o f operation, causing researchers to again manipulate the dimensions o f the
fixture while maintaining a 50 Q characteristic impedance to increase the T E n cut-off
frequency to up to 18 GHz [193,198,199].
3.3.4.3

TEM-t Cell Test Fixtures

In ASTM D4395-based test fixtures, the inner conductor o f the coaxial cell is in
direct contact with the surface o f the material under test. In cases where the sample
surface is rough or has a high contact-resistance, accurate measurements are unable to be
obtained. To combat this, Catrysse developed an adapted test fixture in which the inner
conductor on each side o f the flange assembly is shortened such that no contact is made
between the test apparatus and material sample, known as the TEM-t cell [200, 201].
Illustrated in Figure 3-11, TEM-t test fixtures uses capacitive coupling to determine the
shielding effectiveness for a variety o f materials not supported by ASTM ES7- and
ASTM D4395-based tools such as coated textiles and filled plastics.
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I

(b)
Figure 3-11: (a) Cross-sectional view (adapted from [176]) and (b) schematic diagram
o f the TEM-t cell (adapted from [200]).

3.4

A Brief Review of Composite Materials Used for EMI Shielding

Combining the results o f Eq. 3-18, Eq. 3-24, and Eq. 3-27, the total shielding
effectiveness of a planar sample o f shielding material is given by
SE{dB )=201og -^2- + 2 0 log{e,ls )+ 2 0 lo g (l- e~2'IS)V 47]
Is J

Eq. 3-30

Equation 3-30 illustrates that the shielding effectiveness o f a planar slab o f material
depends primarily on the characteristic impedance o f the material r\s and the skin depth o f
the material S, both o f which depend on the material’s permeability \xs and electrical
conductivity os. For materials with low conductivities {as < 104 S/m), the material’s
permittivity es also plays a significant role in its shielding effectiveness. Due to the high
electrical conductivity requirement o f an effective shielding material, metals have been
the traditional material o f choice for shielding enclosures. However, the performance
requirements for certain aerospace and military applications have led to the investigation
o f composite materials which utilize insulating polymers and high-conductivity microand nanoparticles to provide EMI shielding.
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The shielding properties o f polymer films doped with conductive fillers have been
shown to exhibit performance sufficient to replace many metal EMI shielding materials.
In such a composite material, EMI shielding is achieved through sufficient doping to
create an electrically-conductive network within the bulk. Continuous electronic
pathways are not necessary to achieve EMI shielding, however shielding performance is
increased when the conductive fillers are in electrical contact together [202], While
different polymers can be used to obtain specific mechanical, physical and chemical
properties, the EMI properties are tuned by the electrically conductive dopant material.
There are three types o f conductive dopants commonly used for composite EMI shielding
materials: metal, metal-coated fillers, and carbon.
Metal dopant materials used for composite EMI shielding can be in the form o f
fibers [203], filaments [204], or flakes [205]. Yanagisawa et al. developed a copperfiber/ABS composite that achieved a 70 dB shielding effectiveness at 300 MHz by
loading thermoplastic with 20% by volume Cu cylindrical fibers with approximate
dimensions o f 50 pm in diameter and 2.4 mm in length [203]. Shui and Chung achieved a
shielding effectiveness o f 87 dB at 1 GHz using a 7% by volume nickel filament doped
polyethersulfone [204], The nickel filaments used were 0.4 pm in diameter with lengths
in excess o f 100 pm.
When metal fibers with diameters less than 2 pm in diameter are required, carbon
fibers (which are much easier to manufacture) are coated with thin layers o f metal [206208]. The EMI shielding composite developed by Huang and Wu achieved 47 dB o f
signal reduction, however oxidation o f the nickel coating through phase separation o f the
polycarbonate and ABS polymers caused the shielding effectiveness to decrease with
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increasing heat treatment time [206]. Further investigation eliminated the polycarbonate
material while achieving similar values for shielding effectiveness, however problems
with interfacial adhesion between the ABS and nickel-coated-fibers led to separation
which lowered SE over time [207]. Tzeng and Chang used electroless deposition to coat
carbon fibers with copper and nickel [208], The coating process used resulted in poor
bonding between the metal coating and carbon fibers, yielding low shielding
effectiveness values.
To avoid potential issues with coating adhesion and metal oxidation, many
researchers have begun to investigate carbon-based materials like carbon black [209],
carbon fibers [2 1 0 ], carbon nanotubes [2 1 1 ], and graphene [2 1 2 ] as dopants in composite
EMI shielding materials. While metals offer higher electrical conductivity, carbon offers
significant oxidation resistance and thermal stability in comparison [2 0 2 ].

3.5

Graphene-Doped Polymer Films for Electromagnetic
Interference Shielding Applications

Graphene is o f particular interest among the EMI shielding community due to its
extraordinarily unique characteristics. Graphene is a monolayer o f carbon atoms arranged
in a two-dimensional honeycomb lattice-the first experimentally discovered material o f
its kind [213]. The two-dimensional nature o f graphene allows its massless Dirac fermion
charge carriers to travel via ballistic transport over thousands o f interatomic distances
without scattering, yielding carrier mobilities o f ju = 1.5 x 104 cm 2/V-s at room
temperature. The charge carrier concentration can also be tuned via electric potential,
yielding concentrations o f n = 1013 cm'2. These properties hold until the 3D limit o f
graphite is approached at a thickness o f 10 atomic layers. Because o f these electronic
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properties, graphene makes an ideal additive to create composite EMI shielding
materials.
3.5.1

Measurement and Testing
3.5.1.1

Shielded Box T estim

Preliminary testing o f graphene as a dopant for composite electromagnetic
shielding materials was performed using a variation on the shielded box method. In the
performed experiments, an acrylic box was coated with 100 pm layers o f 10 % by weight
graphene-doped resin. After each layer was cured, a HP Signal Generator was used to
broaDCast a 900 MHz using a Laird Technologies Phantom multiband antenna. This
signal was received by a second Laird Technologies Phantom multiband antenna placed
inside the coated box and the amount o f signal transmission received was measured using
an Agilent Spectrum Analyzer. Additional coatings were applied to the surface o f the
shielded box and further measurements were made. These experiments showed that each
100 pm coating added an average o f 6 dB o f shielding effectiveness, with a total o f
64.975 dB o f shielding effectiveness seen with a total coating thickness o f 1.2 mm, as
shown in Figure 3-12.
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Figure 3-12: (a) Graphene-doped resin coated shielded box and (b) collected signal
attenuation data.

3.5.1.2

D C 4-Point Probe Measurements

In order to quantify the electrical conductivity o f our graphene-doped polymer
shielding materials for future modeling and simulation efforts, a 4-point probe test set-up
was employed. Circular acrylic disk substrates with a diameter o f D = 1 in and thickness
t = 1.0 mm were coated with an 80:20 acetone-ABS solution doped with varying weight
percentages o f electrolytically-exfoliated graphene nanoflakes. These coatings served to
form an electrically-conducting thin film on the surface o f the substrate after the volatile
acetone was allowed to evaporate. Each different doping concentration o f solution was
used to create 10 samples, and each sample in turn was measured five times at varying
locations across the surface to generate an average value o f the DC sheet resistance. The
four-point probe measurements were made using a Keithley 2400 SourceMeter with an
attached Signatone SP4 Four-Point Probe Head as shown in Figure 3-13.

Figure 3-13: (a) Experimental set-up and (b) samples used to determine electrical
properties o f graphene nanoflake-doped ABS films.

In addition to the DC sheet resistance, the coating thickness tc o f each sample was
also measured. This information, in conjunction with the sheet resistance, enables the
calculation o f the electrical conductivity ae for each sample. The data collected during
these measurements are shown in the Tables 3.1-3.6.

Sample 2

Sample 3

Sample 4

Sample 5

Sample 6

Sample 7

Sample 8

Sample 9

Sample

10

Sample

1

T able 3-1: Sheet Resistance [D/ d ] Measurements for 1% Graphene-Nanoflake Doping.

Min.

OL

OL

OL

OL

OL

OL

OL

OL

OL

OL

Max.

OL

OL

OL

OL

OL

OL

OL

OL

OL

OL

Avg.

OL

OL

OL

OL

OL

OL

OL

OL

OL

OL

tc [mm]

0.11

0.44

0.27

0.38

0.41

0.16

0.17

0.30

0 .27

0 .30

OL

OL

OL

OL

OL

OL

OL

OL

OL

OL

(Te

[S/m m ]
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Sample 2

Sample 3

Sample 4

Sample 5

Sample 6

Sample 7

Sample 8

Sample 9

Sample

10

Sample

1

Table 3-2: Sheet Resistance [A/d ] Measurements for 5% Graphene-Nano flake Doping.

A vg.

1.4E6

1.8E6

2.1E 6

9.1E5

8.6E5

2.3E 5

5.9E5

1.5E5

3.1E 5

3.3E 5

M in.

1.4E5

2.3E 5

1.4E5

4.5E 4

9.1E 4

1.7E5

7.7E 4

1.1E5

7.9E 4

9.1E 4

M ax.

5.4E 6

7.7E 6

6.8E 6

3.6E 6

3.6E 6

3.3E5

2.5E 6

2.1E 5

6.4E5

6.2E 5

tc [mm]

0.41

0.24

0 .3 0

0 .39

0.19

0.32

0.21

0.14

0.15

0.22

<Te

1.8E-

2.3E -

1.6E-

2.8E -

6.1E -

4.4E -

8.1E-

4.7E -

2.1E -

1.4E-

[S/m m ]

6

6

6

6

6

5

6

5

5

5

Sample 1

Sample 2

Sample 3

Sample 4

Sample 5

Sample 6

Sample 7

Sample 8

Sample 9

Sample

10

Table 3-3: Sheet Resistance [Q/n] Measurements for 10% Graphene-Nanoflake Doping.

A vg.

2.6E 4

1.3E4

3.6E3

4.8E 4

8.3E3

1.1E4

1.3E4

2.8E 4

6.0E3

1.0E4

M in.

5.3E3

7.1E 3

1.5E3

9.2E3

3.4E3

5.5E3

4.0E 3

1.7E4

3.6E3

4.7E 3

M ax.

4.4E 4

2.0E 4

9.0E3

9.1E 4

1.6E4

2.4E 4

3.6E 4

9.3E 4

9.1E3

2.8E 4

tc [mm]

0.11

0.10

0.33

0.33

0.07

0.34

0.33

0.49

0.22

0 .30

oe

3.6E -

7.5E -

8.4E-

6.3E-

1.7E-

2.6E -

2.3E -

7.2E -

7.5E -

3.3E -

[S/m m ]

4

4

4

5

3

4

4

5

4

4
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Sample 2

Sample 3

Sample 4

Sample 5

Sample 6

Sample 7

Sample 8

Sample 9

Sample

10

Sample

1

Table 3-4: Sheet Resistance [D/n] Measurements for 15% Graphene-Nanoflake Doping.

A vg.

6.9E 2

1.3E3

1.2E2

6.3E2

7.5E 2

9.3E2

3.1E3

7.2E 2

3.7E 4

3.4E 3

M in.

2.2E 2

5.2E 2

6.8E1

7.7E1

3.8E 2

8.9E 2

9.2E 2

3.1E 2

6.1E 2

3.1E 2

M ax.

1.5E3

2.5E 3

1.5E2

1.7E3

1.1E3

9.5E 2

6.8E3

9.2E 2

1.8E5

9.0E3

tc [mm]

0.07

0.06

0.36

0.10

0.26

0.27

0.26

0.28

0.23

0.41

2.1E -

1.2E-

2.3E -

1.6E-

5.1E -

4.0E -

1.2E-

5.0E -

1.2E-

7.2E -

2

2

2

2

3

3

3

3

4

4

[S/m m ]

Sample 2

Sample 3

Sample 4

Sample 5

Sample 6

Sample 7

Sample 8

Sample 9

Sample

10

Sample

1

Table 3-5: Sheet Resistance [fl/n] Measurements for 20% Graphene-Nanoflake Doping.

A vg.

6.7E 2

1.9E2

6.2E 2

1.0E2

2.9E 2

1.4E2

2.2E 2

1.7E2

1.6E2

1.6E2

M in.

2.3E 2

1.2E2

1.9E2

8.4E1

1.2E2

1.2E2

9.2E1

1.3E2

1.0E2

9.2E1

M ax.

9.2E 2

3.2E 2

1.3E3

1.3E2

4.4E 2

1.7E2

3.2E 2

2.1E 2

2.4E 2

2.8E 2

tc [mm]

0 .34

0.39

0.45

0.46

0.42

0.42

0.39

0 .39

0.45

0.31

oe

4.4E -

1.3E-

3.6E -

2.2E -

8.2E -

1.7E-

1.1E-

1.5E-

1.4E-

2.0E -

[S/m m ]

3

2

3

2

3

2

2

2

2

2
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Sample 2

Sample 3

Sample 4

Sample 5

Sample 6

Sample 7

Sample 8

Sample 9

Sample

10

Sample

1

Table 3-6: Sheet Resistance [f2/n] Measurements for 25% Graphene-Nanoflake Doping.

A vg.

2.4E 2

2.0E 2

6.6E 2

4.8E 2

1.9E2

1.8E2

2.3E 2

2.5E 2

2.2E 2

2.0E 2

M in.

1.5E2

1.2E2

3.7E 2

1.8E2

1.4E2

1.3E2

1.5E2

1.6E2

1.2E2

1.1E2

M ax.

3.6E 2

2.6E 2

1.3E3

6.6E 2

2.5E 2

2.0E 2

3.1E 2

4.5E 2

3.5E 2

2.8E 2

tc [mm]

0.66

0.71

0.71

0.57

0.87

0.78

0.37

0.46

0.43

0.27

oe

6.4E -

7.0E -

2.1E -

3.6E -

6.0E-

7.1E -

1.2E-

8.7E-

1.1E-

1.9E-

[S/m m ]

3

3

3

3

3

3

2

3

2

2

The 1% by weight carbon/ABS film did not achieve electrical conductivity high
enough to register using the experimental set up. However, all further doping
concentrations provided data that yielded the trend an increase in the doping
concentration generally yields a lower sheet resistance and thus higher conductivity.
Using the data collected above, an average value for sheet resistance as a function o f
doping concentration was determined. The results o f these calculations are shown in
T able 3-7.
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T able 3-7: Average Electrical Properties for Graphene Nanoflake-Doped ABS Films.
Specimen

Rs ( D

1% Doping

Thickness (mm)

oe (S/mm)

Overload

0.281

Overload

5% Doping

8.61 x 105

0.257

1.18 xlO '5

10% Doping

1.68 xlO 4

0.262

5.37 x 10-4

15% Doping

4.86 x 103

0.230

8.81 x 1 0 3

20% Doping

2.73 x 102

0.402

1.28 xlO '2

25% Doping

2.84 x 102

0.583

8.24 x lO'3

/d )

The collected data shows that there is a practical limit to this approach-as the
solution becomes super saturated with dopant nanoparticles, the flakes agglomerate
which yields lower conductivity as the sample thickness increases while sheet resistance
remains effectively constant. From this we can see that doping in the 15-20% by weight
range yields the best results for the 80:20 acetone/ABS solution used.
Figure 3-14 shows the collected sheet resistance data and also includes error bars
representing the highest and lowest measured value for a particular doping concentration.
From the graph, we can see that a graphene nanoflake concentration o f 20% by weight
yields the most consistent data.
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F igure 3-14: Sheet resistance as a function o f doping concentration for graphenedoped ABS thin films. The error bars represent the standard deviation o f each dopant
concentration.

3.5.1.3

Coaxial Transmission Line T estim

The large amounts o f shielding material needed to perform shielded box testing o f
graphene-doped polymer materials led to the development o f a modified ASTM D4395
test fixture which would enable shielding effectiveness measurements using small
material samples. The test fixture, shown in Figure 3-15, was designed to use the same
sized samples as those utilized in the DC 4-point probe sheet resistance and conductivity
measurements. As designed, the test fixture has a TEn cut-off frequency o f 8.0 GHz.
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Figure 3-15: Custom coaxial transmission line test fixture for measuring shielding
effectiveness based on the ASTM D4395 method.

Shielding effectiveness measurements were carried out for each sample using an
Agilent 4396B Network/Spectrum/Impedance analyzer in its vector network analyzer
mode with an Agilent 87512A Transmission/Reflection Test Set attached. The vector
network analyzer (VNA) was used to measure the amount o f signal transmitted (S21) to
the output port o f the custom coaxial transmission line test fixture, as shown in Figure 316, for load and reference samples as depicted in Figure 3-10.

Figure 3-16: Shielding effectiveness measurement being made using the custom
coaxial transmission line test fixture.

To ensure that sample thicknesses for the load and reference measurements were
equal, load tests were performed first and then the sample was converted to the “donut”
reference sample using a mechanical punch capable o f removing concentric rings o f the
sample polymer film. The measurements were carried out over a frequency range o f
range o f 0.1-1 .8 GHz, the measurement bandwidth o f the Agilent 4396B VNA and the
difference between the collected load and reference Si\ data for each sample was used to
determine

the

shielding

effectiveness

o f the

sample.

Shielding

effectiveness

measurements were performed for each o f the 10 samples per doping concentration, with
the results collected in Tables 3.8-3.12.
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T able 3-8: Shielding Effectiveness [dB] Measurements for 1% Graphene-Nanoflake
Doping.
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T able 3-9: Shielding Effectiveness [dB] Measurements for 5% Graphene-Nanoflake
Doping.
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Table 3-10: Shielding Effectiveness [dB] Measurements for 10% Graphene-Nanoflake
Doping.
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T able 3-11: Shielding Effectiveness [dB] Measurements for 15% Graphene-Nanoflake
Doping.
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Table 3-12: Shielding Effectiveness [dB] Measurements for 20% Graphene-Nanoflake
Doping.
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Shielding effectiveness measurements were unable to be taken for the 25% by
weight doped samples as the films were so brittle that the mechanical process used to
convert the load sample to a reference sample destroyed the film. However, all other
dopant concentrations provided data yielding a trend o f increasing shielding effectiveness
as dopant concentration increases. This behavior follows the trend seen in the 4-point
probe measurements: an increase in the doping concentration generally yields a lower
sheet resistance and thus higher conductivity. Using the data collected above, an average
value for shielding effectiveness as a function o f dopant concentration was determined.
The results of these calculations are shown in Figure 3-17.
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Figure 3-17: Shielding effectiveness o f ABS/graphene samples as a function o f dopant
concentration and frequency. The error bars represent the standard deviation o f the
measured shielding effectiveness for a particular dopant concentration and frequency.

As expected, the 1% by weight doped samples offered almost no shielding at all
as the samples were essentially purely insulating. As the doping concentration increases,
the shielding effectiveness also increases with a maximum average value o f 20.95 dB at
250 MHz for the 20% doped samples. The figure also shows that the shielding
effectiveness decreases as the frequency increases. This is likely due to voids in the
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conducting network formed by the dopant particles. Increasing homogeneity o f the film
should yield a slower “roll-off’ in SE as the excitation frequency increases.
3.5.2

Conclusions
The shielding effectiveness measurements performed illustrate the potential o f

non-metallic shielding as a means to protect sensitive electronics from sources o f
electromagnetic interference. Low weight, non-reactive shielding methods are o f
paramount importance in military applications where hardening against EM attacks can
help to establish strategic control o f the electromagnetic spectrum. Consumer electronics
applications like cellular telephones could also see significant benefits from the
employment o f non-rigid shielding enclosures created via film deposition at the IC scale.

CHAPTER 4
A 3D-PRINTED PRE-FRACTAL SIERPINSKI
TETRAHEDRAL ANTENNA

4.1

Introduction

The rapid expansion o f wireless communication usage from predominately
industrial and military applications to consumer applications has created a demand for
complex, multiband transmission and receiver systems which utilize a number of
different antenna structures (often within a single device) to facilitate communication. As
an example, a basic “smart” cellular telephone for use in North American markets allows
for data transmission over four UMTS bands (850 MHz, 900 MHz, 1800 MHz, and 1900
MHz), GPS bands (1225 MHz and 1575 MHz), and an ISM band (2.4 GHz), requiring
multiple antennas to enable the efficient detection and processing o f telephony, GPS, and
Wi-Fi/Bluetooth signals. Similarly, military radios for in-field communications transmit
and received frequency-hopping spread-spectrum (FHSS) signals which can require a
similar number of antennas to properly process wide-bandwidth encoded signals without
loss o f information. The development o f dynamic antennas capable o f true multiband
operation is o f paramount importance in creating compact communications systems in an
era where wireless communication using multiple sections o f the electromagnetic
spectrum is quickly becoming the norm. The desire for multiband operation has led
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investigators

in

several

directions,

one

of

which

is

the

use

of

complex

electromagnetically-radiating structures based on fractal geometries.
Fractals, as defined by French mathematician B. B. Mandelbrot, are a class o f
irregular shapes not contained within the realms o f conventional Euclidian geometry that
exhibit some degree o f self-similarity and are formed through recursion o f a geometric
pattern [214]. Other properties associated with fractal geometries include scale-invariance
wherein similar patterns appear upon magnification o f a fractal which makes scaledetermination difficult, space-filling wherein the area bounded by the general fractal
shape tends to fill-in as the iteration o f the self-similar pattern increases, and lacunarity
wherein the hollow spaces inside the fractal pattern also exhibit fractal characteristics.
While the study o f such patterns began in the early 1900s through mathematicians like
Koch, Hilbert, and Sierpinski, the use o f fractals as anything more than a mathematical
curiosity is a more recent development. After Mandelbrot’s seminal work on the subject,
fractals have found widespread use in geology, atmospheric sciences, forest sciences,
physiology, and engineering [215].
The engineering applications o f fractals are varied-fractal meshes are used to
reduce memory requirements and computation time in finite-element modeling o f
vibrating structures [216], fractal image coding can be used to compress images which
greatly decrease rendering time [217, 218], fractal geometries are used in the creation of
frequency-selective surfaces used in applications as varied as microwave ovens and
metamaterials [219, 2 2 0 ], and fractal geometries are used in the synthesis o f both antenna
arrays and radiating elements for individual devices in the field o f antenna engineering.
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4.2

Application of Fractals in Antenna Engineering

Fractal patterns are used in the field o f antenna design to expand the boundaries o f
synthesis beyond those available using only Euclidean geometry [221], To this end, the
use o f fractals has been investigated in both the formulation o f antenna arrays and the
development o f patch and monopole antenna radiating elements.
4.2.1

Fractal Antenna Arrays
Fractal antenna arrays were created to achieve the scale-invariance requirement o f

frequency-independent (wideband) antenna arrays. The first research into fractal antenna
arrays was performed by Kim and Jaggard in 1986 [222]. Their work used random fractal
tree arrays to bridge the performance gap between completely ordered (periodic) and
completely disordered (random) array configurations which led to both robust and small
sidelobe characteristics within a single configuration.
This work was expanded on using recursively generated deterministic fractal
arrays by Lakhtakia et al. [223]. This research involved placing Hertzian dipoles at the
node-points o f a Sierpinski carpet fractal pattern, resulting in the observation that while
the time-harmonic far-field response o f a bifractal array o f dipoles is also bifractal its
time-dependent far-field response is unifractal. The use o f recursively generated fractal
arrays was expanded to Weierstrass arrays [224], Koch arrays [225, 226], Cantor arrays
[225,227] and Peano-Gosper arrays [228] by various researchers.
Antenna arrays have also been used to generate fractal-based radiation patterns
via controlled element spacing. Werner and Werner achieved self-similar radiation
patterns using iterated function systems based on Weierstrass arrays [224, 229], while
Puente-Balaridia et al. achieved similar results using Koch arrays [225].
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4.2.2

Fractal Shaped Antenna Elements
The use o f fractals to form the radiating elements o f an antenna is a widely-

investigated topic in antenna engineering. The self-similarity o f an iterative pre-fractal
pattern has been shown to enable multiple distinct current modes to exist within the
radiating element(s) o f the antenna which yields wideband multi-frequency response
[230] and the geometric scaling used in the iterative fractal-generation process yields a
reduction in size when compared to classical monopole antennas based on Euclidean
geometries operating at similar frequencies [231]. These modifications to classic antenna
architectures generate high-performance devices with increased bandwidth and reduced
size which have potential applications in the miniaturization o f space vehicles, drones,
and UAVs; wireless energy harvesting; and cellular telephony systems.
Antennas which use fractal radiating elements have been demonstrated based on
the Sierpinski gasket [232, 233], Sierpinski carpet [234], Koch curve [235], Hilbert curve
[236], Peano curve [237], and Minkowski island [238] fractal patterns shown in Figure
4-1.

mu!
(e)

(f)

Figure 4-1; Fractal patterns used in antenna radiating elements, (a) Sierpinski gasket;
(b) Sierpinski carpet; (c) Koch curve; (d) Hilbert curve, (e) Peano curve, (f) Minkowski
island.
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The “curve”-based fractal antennas are typically used to reduce the overall size o f
conventional dipole and meander line antennas, yielding antennas with low resonant
frequencies that do not exhibit increased size as would be expected with Euclidean
geometries [239]. This behavior occurs because as the fractal iteration increases, the
effective length o f such an antenna also increases while keeping the same relative
dimensions. The large number o f bends and comers in such an antenna has been shown to
increase radiation efficiency as well [215].
Self-similar scale-invariant designs like the Sierpinski gasket and carpet have
been explored for their multiband characteristics. The Sierpinski gasket is perhaps the
most researched fractal antenna, due in part to its similarity to the widely-used bow-tie
antenna [215]. Monopole, dipole, and patch configurations o f the Sierpinski gasket have
been widely investigated, yielding the observation that the self-similar current
distribution that occurs on the individual triangles forming the Sierpinski gasket pattern
give rise to the multiband characteristics o f the antennas [240]. Perturbation o f the
geometry using irregular triangles [241, 242] and rectangular slots [243] has been used to
control the multiband nature o f the devices. Additionally, research has shown that
bandwidth o f a Sierpinski gasket antenna can be varied by changing the flare angle o f the
pattern [244].
While planar realization o f the Sierpinski gasket has been extensively researched,
very few attempts have been made to realize its three-dimensional counterpart, the
Sierpinski tetrahedron (shown in Figure 4-2), in the field o f fractal antenna engineering.
This is due primarily to difficulties in fabricating the complex geometric structure
through conventional metal casting techniques.
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Figure 4-2: A computer-generated rendering o f a 5th-order Sierpinski tetrahedron.

The first attempt at a three-dimensional fractal antenna was by Best in 2003 [245].
Best used a perturbed Sierpinski gasket with truncated central gaps to approximate the
fractal geometry, then turned the planar structure in on itself to create a conical monopole
antenna as depicted in Figure 4-3. The increased volume o f the conical structure was
shown to increase radiation pattern symmetry and omnidirectionality while maintaining
the multiband characteristics o f a planar Sierpinski gasket antenna.

Figure 4-3: (a) Perturbed Sierpinski gasket monopole antenna with truncated central
gaps and (b) a diagram o f the three-dimensional conical monopole antenna [245].
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Hebib et al. developed a pyramidal antenna using four perturbed Sierpinski
gaskets loaded with a circular waveguide [246]. The device, shown in Figure 4-4, forms
a simple array to enhance radial directivity o f the output signal. The radiating elements o f
the antenna structure are planar in nature; the pyramidal base-structure used to influence
antenna directivity enables the three-dimensional structure to be obtained.

Figure 4-4: Pyramidal antenna utilizing four perturbed planar Sierpinski gasket
antennas [246].

Alaydrus reported on the first truly three-dimensional Sierpinski tetrahedral
antenna in [247]. The device, shown in Figure 4-5, utilized small brass tetrahedrons
welded together to form a 2rd-order Sierpinski tetrahedron atop a 16 cm x 16 cm ground
plane. The fabrication method yielded low dimensional accuracy which caused a
significant deviation in device input return loss as compared to the expected results
generated by surface integral modeling, however the general characteristics associated
with fractal antennas (multiband behavior, high bandwidth) were achieved.
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Figure 4-5: Brass Sierpinski tetrahedral antenna fabricated by Alaydrus [247].

4.3

A 3D-Printed Pre-Fractal Sierpinski Tetrahedral Antenna

The results reported by Alaydrus in [247] illustrate that three-dimensional
realization o f a planar fractal antenna can yield enhanced electromagnetic properties,
however the need for an accurate fabrication process is o f paramount importance to
ensure the expected frequency response. Recent advances in additive manufacturing
techniques have enabled the creation o f geometrically complex structures which can
achieve high dimensional accuracy.

Using

stereolithography and/or fused-layer

deposition 3D-printing, the generation o f higher-order pre-fractal structures for use as
antenna radiating elements through the use o f conductive coatings and inherently
conductive filaments and photopolymers is now possible. Additionally, the ability to
quickly prototype devices will allow for a more thorough investigation o f antenna
structures based on the variations o f classical fractal geometries.
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4.3.1

Antenna Design
Previous research on Sierpinski gasket antennas have shown that the antenna

should exhibit multiband resonances at specific frequencies determined by the
relationship

f . ~ 0 2 6 - f r

Eq. 4-1

K
where c is the speed o f light in a vacuum, /zo is the height o f the Oth-order triangular
iteration (as shown in Figure 4-6), 5 is the scaling factor between subsequent triangular
iterations, and n is the iteration number [232]. Since a Sierpinski tetrahedron is a threedimensional structure in which each triangle o f a Sierpinski gasket is replaced with an
equivalent tetrahedron having the face dimensions o f the replaced triangle, the electrical
resonance o f a tetrahedral antenna should coincide with that o f a planar antenna.

Figure 4-6: Sierpinski gasket pre-fractal structure illustrating 3rd-order self-similarity
with a scaling factor of d = 2 .
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The dimensions o f the antenna and the number o f iterative patterns to include in
the device architecture were chosen such that the first resonance o f the antenna structure
should occur at approximately 1.5 GHz, the middle o f the I-band, with additional
resonances occurring near the middle o f the C- and ^-frequency bands if the frequency
response behavior follows that o f a Sierpinski gasket antenna. These characteristics could
eliminate the need for multiple antennas in multiband communications systems.
The resulting antenna structure is an equilateral tetrahedron with face length 128.0
cm and a height o f 104.5 mm. This height corresponds to an ho value o f 110.8 mm for the
Sierpinski gasket created on each tetrahedral face. The radiating structure is fed with a 50
Q coaxial transmission line and placed on a finite ground plane with a radius o f 90 mm to
form a monopole antenna, as shown in Figure 4-7.

10-100

Figure 4-7: Three-dimensional model o f the proposed 3rd-order Sierpinski tetrahedral
antenna.
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4.3.2

Finite Element Modeling o f the Antenna Structure
The radiating element(s) o f antennas are traditionally fabricated from materials

with high electrical conductivities like copper or brass for most applications. Because of
this, modelling was necessary to determine if the use o f a significantly less conductive
material like carbon black impregnated polylactic acid (PLA) thermoplastic or coated
acrylonitrile butadiene styrene (ABS) thermoplastic would still deliver the expected
electromagnetic performance o f a fractal antenna structure. Finite element modeling o f
the antenna structure was performed using COMSOL’s RF Module over a frequency
range o f 0.1-3.0 GHz with a 50 MHz step-size in the frequency sweep for various
conductivities. The simulations employed an adaptive mesh that limits the maximum
element size to 2 0 % o f the wavelength o f the excitation frequency being simulated.
Modeling was carried out for 0th-, 1st-, 2nd-, and 3rd-order pre-fractal structures to analyze
the changes in input return loss as a function o f both material and geometric complexity.
A spherical (r = 180 mm) perfectly matched layer with a thickness o f 35 mm was used to
simulate far-field conditions for the antenna.
Figure 4-8 shows the results o f these simulations. Using electrical conductivities
o f 0e = oo (perfect electrical conductor), ae = 6.17 x 107 S/m (silver), oe - 5.80 x 107 S/m
(copper), and ae = 7.00 x 104 S/m (graphite), a decrease in electrical conductivity by three
orders o f magnitude yields at most a 2.116-dB change in the input return loss o f the
simulated pre-fractal antenna structure regardless o f its geometric complexity over the
simulated frequency range. From these results, we can see that the use o f lowerconductivity materials can still produce electromagnetic radiation with minimal change in
radiation efficiency.
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Figure 4-8: Simulated input return loss as a function o f material and pre-fractal
iteration over a frequency range o f 0.1-3.0 GHz for a Sierpinski tetrahedral antenna.

The multiband frequency responses o f a 3rd-order Sierpinski tetrahedral antenna
and a 3rd-order Sierpinski gasket antenna were also simulated to determine if any
advantages arise from three-dimensional realization o f the radiating element. Again,
finite element modeling o f the antenna structure was performed using COMSOL’s RF
Module, however the simulated frequency range was extended to 0.1-6.75 GHz with a 50
MHz step-size in the frequency sweep. A spherical (r = 180 mm) perfectly matched layer
with a thickness o f 35 mm was used to simulate far-field conditions for the antenna. The
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simulated antennas were designed with identical face dimensions and employed identical
feed structures and ground planes so that any difference in simulated input return loss
could only be attributed to the additional dimension added to the antenna geometry.
F igure 4-9 shows that the tetrahedral antenna structure has significantly increased
radiative properties than its planar counterpart at higher-order resonant modes with a
minimum jSn| increase o f 3.3 dB occurring at f i = 6.3 GHz. The 0th- and l st-order
resonant peaks o f the 3D antenna exhibit significantly increased bandwidth as compared
to the 2D implementation. This phenomenon was observed experimentally by Alaydrus
in [246]. From this we can see that the 3D realization o f the Sierpinski pre-fractal as a
radiative element offers distinct advantages over conventional gasket-based antenna
designs for S-band applications.
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Figure 4-9: Simulated input return loss for 3rd-order tetrahedral (3D) and planar (2D)
Sierpinski pre-fractal antennas. The 3D antenna exhibits increased power dissipation at
higher-order resonant frequencies as well as increased bandwidth at lower-order
resonant frequencies.

137
Finally, the antenna structure was modeled to determine the electric field
distribution, expected frequency response, and radiation pattern as a function o f
frequency and pre-fractal iteration. Finite element modeling o f the antenna structure was
performed using COMSOL’s RF Module over a frequency range o f 0.1-6.75 GHz with a
50 MHz step-size in the frequency sweep. The simulation software was used to solve the
equation

V x-(V xE )-L 2
Mr

E =0
V

Eq. 4-2

j

for the electric field intensity at each node point generated by the mesh. In E q. 4-2, fxr and
er are the relative permeability and permittivity o f the antenna medium, ko is the
wavenumber for free-space (dependent on angular excitation frequency oj), and eo is the
permittivity o f free-space.
Figure 4-10 illustrates the spatial characteristics o f the electric field distribution
at each resonance for a 3rd-order pre-fractal tetrahedral antenna. At each frequency, the
electric field distribution is effectively the same over each vertical face o f the tetrahedral
structure. As the frequency increases, different regions o f the antenna activate and the
electric field is confined to a smaller area which causes the radiation pattern o f the
antenna to change drastically as a function o f increasing frequency.

(C)

(d )

F igure 4-10: Spatial variance o f the simulated electric field distribution over a 3rdorder Sierpinski tetrahedral antenna’s surface at (a) 1.55 GHz, (b) 3.00 GHz, (c) 3.70
GHz, and (d) 6.25 GHz. As the excitation frequency increases, the electric field
intensifies over an increasingly smaller surface area o f the radiating element.

Figure 4-11 depicts the simulated radiation pattern o f a 3rd-order pre-fractal
tetrahedral antenna at different resonant frequencies. As the frequency increases, the
changing electric field distribution causes the lobes o f the radiation pattern to become
less distinct and thus the directionality o f the antenna decreases as a function o f
frequency. This is best illustrated by looking at the XY-plane radiation characteristics: as
the excitation frequency increases the radiation direction alternates between the faces and
edges o f the tetrahedral structure with small perturbations occurring at 60° intervals
between the directional lobes. At a frequency o f 6.25 GHz, the antenna approaches
omnidirectional radiation in the XY-plane as the magnitude of the perturbations are of
similar scale to the directional lobes.
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Figure 4-11: Simulated radiation characteristics o f a 3rd-order Sierpinski tetrahedral
pre-fractal antenna. As the frequency increases, the directivity o f the antenna changes
with more omnidirectional behavior observed at higher frequency resonances.

A three-dimensional representation o f the simulated radiation pattern data is
shown in Figure 4-12.

Figure 4-12: Simulated 3D radiation pattern data for a 3rd-order Sierpinski tetrahedral
antenna at (a) 1.55 GHz, (b) 3.00 GHz, (c) 3.70 GHz, and (d) 6.25 GHz.
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Figure 4-13 shows the input return loss o f the simulated Sierpinski tetrahedron
monopole antennas for varying pre-fractal iteration numbers. Resonances are observed at
1.6 GHz, 3.0 GHz, 3.6 GHz, and 6.3 GHz, with each pre-fractal iteration generating an
additional resonance as was observed in both simulated and practical Sierpinski gasket
monopole antennas. The data provided through these simulations show that even-ordered
resonances experience a slight frequency shift to the right as the number o f iterations
increase while odd-ordered resonances experience a similar frequency shift to the left.
The simulated antennas demonstrate high radiation efficiencies (|Sii| > 20 dB) at all
resonances for 2nd- and 3rd-order designs, showing potential for true multiband
transmission o f signals at these frequencies.
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Figure 4-13: Simulated input return loss o f pre-fractal Sierpinski tetrahedral antennas
on a finite ground plane. The numbers in parentheses represent the order o f the pre
fractal iteration.

These simulations are the first to illustrate the performance potential o f 3D
antenna based on a 3rd-order Sierpinski fractal geometry. The extension o f the Sierpinski
gasket pre-fractal pattern into three-dimensions results in an increase in Si 1 response at
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higher-order resonant frequencies, demonstrating usefulness as a true multiband antenna.
Expansion beyond the constraints o f planar implementation increased efficiency,
bandwidth, and directional gain versus a Sierpinski gasket antenna with equivalent face
dimension, characteristics which can be exploited for any application within the field o f
wireless communication.
4.3.3

Antenna Fabrication
To physically realize the modeled Sierpinski tetrahedral antennas, the radiative

antenna element structures were fabricated using fused-layer-deposition (FLD) 3Dprinting techniques. Two methods were employed to create the radiative elements:
coating 3D-printed insulating structures with conductive materials and directly printing
3D-printed electrically-conductive structures using commercially available carbon-doped
filaments.
An XYZprinting da Vinci 1.0 Pro 3D-printer was used to generate multiple pre
fractal Sierpinski tetrahedron substrates, shown in Figure 4-14, using XYZprinting ABS
filament.

142

F igure 4-14: Third-order Sierpinski tetrahedron substrates fabricated by FLD 3 0 printing ABS filament. These substrates are to be coated with conductive carbon films
and will serve as the radiating element for a monopole antenna.

These electrically-insulating substrates were then coated with an 80:20 acetoneABS solution doped with varying weight percentages o f electrolytically-exfoliated
graphene nanoflakes or carbon nanoparticles. These coatings served to form a thin
electrically-conducting layer on the surface o f the tetrahedral structure which should
enable the tetrahedral structure to serve as the radiating element for a monopole antenna.
The coated substrates were affixed to the inner conductor o f a 50 Q N-type Amphenol RF
connector. The outer conductor o f the RF connector was electrically connected to a
copper-clad piece o f FR-4 circuit board material using silver conductive epoxy. The
copper-clad FR-4 serves as a ground plane for the monopole antenna structure. When
fully assembled, the ground planes and radiating elements form 3rd-order pre-fractal
antennas as shown in F igure 4-15.
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Figure 4-15: A 3D-printed Sierpinski antenna coated with (a) an electrolyticallyexfoliated-graphene-doped acetone-ABS solution and (b) a carbon nanoparticle-doped
acetone-ABS solution.

An XYZprinting da Vinci Jr. 2.0 Mix 3D-printer was used to directly print
conducting tetrahedral radiating element using carbon-impregnated PLA filaments
manufactured by Proto-Pasta and Graphene 3D Lab Inc. The manufacturer specifications
regarding the electrical resistivity performance o f these conductive filaments are given in
Table 4-1. In both cases, the volume resistivity o f printed parts should be sufficient for
similar EM performance as compared to the antennas fabricated using the conductive
coating method.

Table 4-1: Composite PLA filament volume resistivity specifications.

BUM
Proto-Pasta

Conductive
Graphite

15

30

115

Graphene 3D
Lab

Conductive
Graphene

1

n/a

n/a
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For

both

commercially

available

electrically-conductive

filaments,

the

manufacturers claim that the addition o f carbon to the PLA thermoplastic should increase
the mechanical strength o f both the filament and printed structures. This behavior was not
observed— instead, prints which used the composite filaments suffered a significantly
higher rate o f shear stresses causing filament fracture and layer separation within a print
job. Scanning electron microscope (SEM) images were taken o f printed samples o f both
filaments and are presented in Figure 4-16.

Figure 4-16: SEM images o f printed samples o f (a) graphite-doped-PLA filament and
(b) graphene-doped-PLA filament. The additional carbon-content o f the graphenedoped-PLA filament resulted in decreased bonding between subsequent layers o f the
printed material.

As seen in Figure 4-16, printed samples o f the Graphene 3D Labs Inc. filament
featured irregular nodules o f dopant materials which resulted in small fissures occurring
between layers o f the printed object. These fissures affect the rigidity o f the printed
object and increase its electrical resistance.
As before, the tetrahedral radiating elements were affixed to the inner conductors
o f 50 f t N-type Amphenol RF connectors while copper-clad pieces o f FR-4 circuit board
material were connected to the outer conductor o f the RF connectors to serve as ground
planes, forming the 3rd-order pre-fractal antennas shown in Figure 4-17.
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Figure 4-17: A 3D-printed Sierpinski tetrahedral antenna with radiating element made
from (a) graphite-doped-PLA filament and (b) graphene-doped-PLA filament.

4.3.4

Antenna Measurement and Testing
The radiative capabilities o f the various 3D-printed Sierpinski tetrahedral

antennas

that

were

fabricated

were

measured

using

an

Agilent

4396B

Network/Spectrum/Impedance analyzer in its vector network analyzer mode with a
Agilent 87512A Transmission/Reflection Test Set attached. The vector network analyzer
(VNA) measures both the amplitude and phase o f signals simultaneously, enabling
measurements over a broad spectrum o f frequencies in a single measurement. A Laird
Technologies Phantom multiband antenna was used as a reference antenna for the various
antenna measurements.
A comparative method (as described in [197]) was used to determine the £21
transmission coefficient for the fabricated antennas. This method assumes that the return
loss o f the antenna under test is comparable to that o f a standard antenna. First, the VNA
is calibrated using an Agilent calibration kit containing a short circuit, an open circuit,
and a matched (50 fl) load. These loads are affixed to the signal cables as prescribed in

the calibration protocol to minimize the effects o f the cables during experimental
measurements. Next, a matched pair o f reference antennas are used to establish a baseline
1S21 (transmission) measurement using the network analyzer. This data is used to

normalize the collected test data and identify the noise-bandwidth o f the measurement
system. Next, the reference antenna at the receiver port o f the VNA is replaced with the
test antenna without disturbing the rest o f the experimental set-up and the S21 parameter is
measured for the test antenna. The difference in these S21 measurements beyond the
noise-bandwidth o f the measurement systems enables the determination o f a £21
transmission parameter for each test antenna measured. A picture o f the experimental set
up is shown in Figure 4-18. The experimental configuration described above was used to
collect 1S21 data on fourteen different 3D-printed antennas over a frequency range o f 0.11.8 GHz, the measurement bandwidth o f the Agilent 4396B VNA.

Figure 4-18: Photograph of the VNA and Reflection/Transmission test module during
an antenna transmission parameter measurement.
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4.3.5

Experimental Data
4.3.5.1

Sierpinski Gasket Antenna on Copper-CladFR4

To validate the performance o f the 3D-printed antenna designs, a Sierpinski
gasket radiating element with identical face dimensions as the 3D-printed antennas was
produced via photolithographically patterning a piece o f copper-clad circuit board as
shown in Figure 4-19. The patterned radiating element was then affixed to a copper
ground plane via an Amphenol RF edge mount connector. This Sierpinski gasket antenna
was tested identically to the 3D-printed antennas in an effort to define the expected
behaviors o f the antennas under test. The measured resonant frequency was observed to
be/ = 1.31 GHz with a 42.70 dB peak (521,max - <S2 i,min).

Figure 4-19: Photographs o f (a) a lithographically-patterned Sierpinski gasket antenna
radiating element and (b) an assembled gasket antenna, (c) Measured 521 data taken for
the antenna shown in (b).
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4.3.5.2

Electrolvticallv-Exfoliated Graphene Nanoflake-Doped Antennas

Figure 4-20 shows the collected $21 data for a radiating element coated with a
1%-by-weight carbon-doped 80:20 acetone/ABS solution. Section (c) o f the figure
depicts a region o f low-frequency noise over the frequency range o f 100 MHz to 800
MHz with an average signal intensity o f -66.54 dB. Beyond this frequency range the
noise is minimized and a 43.33 dB (Sit,max -

& i,m in )

peak occurs at 1.31 GHz, indicating

signal transmission between the reference antenna and antenna under test. This frequency
closely matches the observed operational frequency o f the planar Sierpinski gasket
antenna with similar face characteristics.

Figure 4-20: (a, b) Photographs o f a 3D-printed ABS substrate coated with a 1%-byweight doped solution o f 80:20 acetone/ABS. (c) Measured S21 data taken for the
antenna shown in (a) and (b).
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Figure 4-21 shows the collected S21 data for a radiating element coated with a
5%-by-weight carbon-doped 80:20 acetone/ABS solution. Section (c) o f the figure
depicts a region o f low-frequency noise over the frequency range o f 100 MHz to 800
MHz with an average signal intensity o f -69.10 dB. Beyond this frequency range the
noise is minimized and a 39.96 dB ($ 21,max - S21,min) peak occurs at 1.32 GHz, indicating
signal transmission between the reference antenna and antenna under test. This frequency
closely matches the observed operational frequency o f the planar Sierpinski gasket
antenna with similar face characteristics.

Figure 4-21: (a, b) Photographs o f a 3D-printed ABS substrate coated with a 5%-byweight doped solution o f 80:20 acetone/ABS. (c) Measured S21 data taken for the
antenna shown in (a) and (b).

Figure 4-22 shows the collected 1S21 data for a radiating element coated with a
10%-by-weight carbon-doped 80:20 acetone/ABS solution. Section (c) o f the figure
depicts a region o f low-frequency noise over the frequency range o f 100 MHz to 800
MHz with an average signal intensity o f -69.10 dB. Beyond this frequency range the
noise is minimized and a 39.96 dB

( 5 2 1,max

-

5 2 i,m in )

peak occurs at 1.32 GHz, indicating

signal transmission between the reference antenna and antenna under test. This frequency
closely matches the observed operational frequency o f the planar Sierpinski gasket
antenna with similar face characteristics.
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Figure 4-22: (a, b) Photographs o f a 3D-printed ABS substrate coated with a 10%-byweight doped solution o f 80:20 acetone/ABS. (c) Measured 5 2 1 data taken for the
antenna shown in (a) and (b).
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Figure 4-23 shows the collected S21 data for a radiating element coated with a
15%-by-weight carbon-doped 80:20 acetone/ABS solution. Section (c) o f the figure
depicts a region o f low-frequency noise over the frequency range o f 100 MHz to 800
MHz with an average signal intensity o f -55.97 dB. Beyond this frequency range the
noise is minimized and a 51.76 dB (S2i,max - <S2i,min) peak occurs at 1.31 GHz, indicating
signal transmission between the reference antenna and antenna under test. This frequency
closely matches the observed operational frequency o f the planar Sierpinski gasket
antenna with similar face characteristics.

ij Ktnftw

Figure 4-23: (a, b) Photographs o f a 3D-printed ABS substrate coated with a 15%-byweight doped solution o f 80:20 acetone/ABS. (c) Measured Sn data taken for the
antenna shown in (a) and (b).
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Figure 4-24 shows the collected S21 data for a radiating element coated with a
20%-by-weight carbon-doped 80:20 acetone/ABS solution. Section (c) o f the figure
depicts a region o f low-frequency noise over the frequency range o f 100 MHz to 800
MHz with an average signal intensity o f -45.74 dB. Beyond this frequency range the
noise is minimized and a 52.28 dB (S21,max - fti.m in) peak occurs at 1.32 GHz, indicating
signal transmission between the reference antenna and antenna under test. This frequency
closely matches the observed operational frequency o f the planar Sierpinski gasket
antenna with similar face characteristics.
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Figure 4-24: (a, b) Photographs o f a 3D-printed ABS substrate coated with a 20%-byweight doped solution o f 80:20 acetone/ABS. (c) Measured S21 data taken for the
antenna shown in (a) and (b).
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Figure 4-25 shows the collected £21 data for a radiating element coated with a
25%-by-weight carbon-doped 80:20 acetone/ABS solution. Section (c) o f the figure
depicts a region o f low-frequency noise over the frequency range o f 100 MHz to 800
MHz with an average signal intensity o f -48.26 dB. Beyond this frequency range the
noise is minimized and a 43.89 dB (£21,max - £2i,min) peak occurs at 1.32 GHz, indicating
signal transmission between the reference antenna and antenna under test. This frequency
closely matches the observed operational frequency o f the planar Sierpinski gasket
antenna with similar face characteristics.

Figure 4-25: (a, b) Photographs o f a 3D-printed ABS substrate coated with a 25%-byweight doped solution o f 80:20 acetone/ABS. (c) Measured £ 2 1 data taken for the
antenna shown in (a) and (b).
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Figure 4-26 illustrates the S 21 response o f the electrolytically-exfoliated
graphene-nanoflake-doped antennas as compared to the copper Sierpinski gasket
reference antenna.
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Figure 4-26: S21 response o f the copper reference antenna and electrolyticallyexfoliated graphene-nanoparticle-doped antennas (a) over the measurement bandwidth
o f the test set-up and (b) over a frequency range o f 0 .8-1 .8 GHz to eliminate noise
contributions.

From Figure 4-26, we can see that dopant concentrations o f 1%, 5%, and 10%
have similar noise-floors and peak values o f 521 response. At dopant concentrations o f
15% and greater, the increased conductivity o f the coating yields a reduced noise floor
for the antenna under test which is indicative o f a decrease in the occurrence o f resistive
losses and thus provides an increase in antenna efficiency. The figure also illustrates
small deviations in the location o f the antenna resonant frequency. These deviations can
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be attributed to variations in coating thickness as well as the x-y-resolution o f the 3Dprinter used.
Gravhene Nanoparticle-Doped Antennas

4.3.5.3

Figure 4-27 shows the collected S21 data for a radiating element coated with a
1%-by-weight carbon-doped 80:20 acetone/ABS solution. Section (c) o f the figure
depicts a region o f low-frequency noise over the frequency range o f 100 MHz to 800
MHz with an average signal intensity o f -64.54 dB. Beyond this frequency range the
noise is minimized and a 42.04 dB (Sri.max - &i,mm) peak occurs at 1.33 GHz, indicating
signal transmission between the reference antenna and antenna under test. This frequency
closely matches the observed operational frequency o f the planar Sierpinski gasket
antenna with similar face characteristics.
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Figure 4-27: (a, b) Photographs of a 3D-printed ABS substrate coated with a 1%-byweight doped solution of 80:20 acetone/ABS. (c) Measured S21 data taken for the
antenna shown in (a) and (b).

Figure 4-28 shows the collected & i data for a radiating element coated with a
5%-by-weight carbon-doped 80:20 acetone/ABS solution. Section (c) o f the figure
depicts a region o f low-frequency noise over the frequency range o f 100 MHz to 800
MHz with an average signal intensity o f -66.21 dB. Beyond this frequency range the
noise is minimized and a 43.72 dB (£ 21,max - Strain) peak occurs at 1.34 GHz, indicating
signal transmission between the reference antenna and antenna under test. This frequency
closely matches the observed operational frequency o f the planar Sierpinski gasket
antenna with similar face characteristics.
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Figure 4-28: (a, b) Photographs o f a 3D-printed ABS substrate coated with a 5%-byweight doped solution of 80:20 acetone/ABS. (c) Measured S21 data taken for the
antenna shown in (a) and (b).

Figure 4-29 shows the collected S21 data for a radiating element coated with a
10%-by-weight carbon-doped 80:20 acetone/ABS solution. Section (c) o f the figure
depicts a region o f low-frequency noise over the frequency range o f 100 MHz to 800
MHz with an average signal intensity o f -65.01 dB. Beyond this frequency range the
noise is minimized and a 44.49 dB (521,max - 52 i,min) peak occurs at 1.33 GHz, indicating
signal transmission between the reference antenna and antenna under test. This frequency
closely matches the observed operational frequency o f the planar Sierpinski gasket
antenna with similar face characteristics.
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Figure 4-29: (a, b) Photographs o f a 3D-printed ABS substrate coated with a 10%-byweight doped solution o f 80:20 acetone/ABS. (c) Measured 521 data taken for the
antenna shown in (a) and (b).
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Figure 4-30 shows the collected £21 data for a radiating element coated with a
15%-by-weight carbon-doped 80:20 acetone/ABS solution. Section (c) o f the figure
depicts a region o f low-frequency noise over the frequency range o f 100 MHz to 800
MHz with an average signal intensity o f -63.04 dB. Beyond this frequency range the
noise is minimized and a 50.24 dB (£21,max - £2i,mm) peak occurs at 1.33 GHz, indicating
signal transmission between the reference antenna and antenna under test. This frequency
closely matches the observed operational frequency o f the planar Sierpinski gasket
antenna with similar face characteristics.
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Figure 4-30: (a, b) Photographs o f a 3D-printed ABS substrate coated with a 15%-byweight doped solution o f 80:20 acetone/ABS. (c) Measured £ 2 1 data taken for the
antenna shown in (a) and (b).

Figure 4-31 shows the collected £21 data for a radiating element coated with a
20%-by-weight carbon-doped 80:20 acetone/ABS solution. Section (c) o f the figure
depicts a region o f low-frequency noise over the frequency range o f 100 MHz to 800
MHz with an average signal intensity o f -54.33 dB. Beyond this frequency range the
noise is minimized and a 49.85 dB (£ 21,max - £ 21,mm) peak occurs at 1.31 GHz, indicating
signal transmission between the reference antenna and antenna under test. This frequency
closely matches the observed operational frequency o f the planar Sierpinski gasket
antenna with similar face characteristics.

Figure 4-31: (a, b) Photographs o f a 3D-printed ABS substrate coated with a 20%-byweight doped solution o f 80:20 acetone/ABS. (c) Measured £ 2 1 data taken for the
antenna shown in (a) and (b).
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Figure 4-32 shows the collected £21 data for a radiating element coated with a
25%-by-weight carbon-doped 80:20 acetone/ABS solution. Section (c) o f the figure
depicts a region o f low-frequency noise over the frequency range o f 100 MHz to 800
MHz with an average signal intensity o f -53.03 dB. Beyond this frequency range the
noise is minimized and a 49.73 dB (£21,max - £2i,min) peak occurs at 1.31 GHz, indicating
signal transmission between the reference antenna and antenna under test. This frequency
closely matches the observed operational frequency o f the planar Sierpinski gasket
antenna with similar face characteristics.
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Figure 4-32: (a, b) Photographs o f a 3D-printed ABS substrate coated with a 25%-byweight doped solution o f 80:20 acetone/ABS. (c) Measured £ 2 1 data taken for the
antenna shown in (a) and (b).
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Figure 4-33 illustrates the S 21 response o f the graphene nanoparticle-doped
antennas as compared to the copper Sierpinski gasket reference antenna.
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F igure 4-33: S21 response o f the copper reference antenna and electrolyticallyexfoliated graphene-nanoparticle-doped antennas (a) over the measurement bandwidth
o f the test set-up and (b) over a frequency range o f 0 .8-1 .8 GHz to eliminate noise
contributions.

From Figure 4-33, we can see that 20%, increasing the dopant concentration o f
the conductive coating yield effectively no change in the noise-floor or peak values o f the
S21 response for the antennas under test. At dopant concentrations o f 20% and 25%, the
noise floor is reduced however the change is much smaller than that observed using the
electrolytically-exfoliated

graphene-nanoflake

coating.

This phenomenon

can be

attributed to the size o f the nanoparticles used to dope the acetone/ABS solution: the
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nanoparticles (as opposed to the electrically-exfoliated nanoflakes) have small lateral
dimensions which limit particle-to-particle overlap and prohibit the formation o f a
conductive network within the polymer matrix. The figure also illustrates small
deviations in the location o f the antenna resonant frequency, with all values experiencing
a small positive shift in the frequency regime. These deviations (on the order o f <150
MHz) can also be attributed to variations in coating thickness as well as the x -yresolution o f the 3D-printer used.
4.3.5.4

Conductive Filament Antennas

Figure 4-34 shows the collected S21 data for a 3D-printed radiating element
fabricated using carbon black-doped PLA filament purchased from Proto-Pasta. Section
(c) o f the figure depicts a region o f low-frequency noise over the frequency range o f 100
MHz to 800 MHz with an average signal intensity o f —42.25 dB. Beyond this frequency
range the noise is minimized and a 43.17 dB (S21,max - S21,min) peak occurs at 1.32 GHz,
indicating signal transmission between the reference antenna and antenna under test. This
frequency closely matches the observed operational frequency o f the planar Sierpinski
gasket antenna with similar face characteristics.
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F igure 4-34: (a, b) Photographs o f a 3D-printed carbon-doped PL A tetrahedral antenna
radiating element, (c) Measured S21 data taken for the antenna shown in (a) and (b).

Figure 4-35 shows the collected S21 data for a 3D-printed radiating element
fabricated using graphene-doped PLA filament purchased from BlackMagic3D. Section
(c) o f the figure depicts a region o f low-frequency noise over the frequency range o f 100
MHz to 800 MHz with an average signal intensity o f -43.25 dB. Beyond this frequency
range the noise is minimized and a 48.99 dB (S 21,max - «S2 i,min) peak occurs at 1.32 GHz,
indicating signal transmission between the reference antenna and antenna under test. This
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frequency closely matches the observed operational frequency o f the planar Sierpinski
gasket antenna with similar face characteristics.

1

Figure 4-35: (a, b) Photographs o f a 3D-printed graphene-doped PLA tetrahedral
antenna radiating element, (c) Measured S21 data taken for the antenna shown in (a) and
(b).

Figure 4-36 illustrates the S 21 response o f the graphene nanoparticle-doped
antennas as compared to the copper Sierpinski gasket reference antenna. The data
presented illustrates that the use o f conductively-doped filaments yields a similar noisefloor and peak value as compared to the planar copper reference antenna. In both
instances o f using a conductively-doped filament, the antenna performance is nearly
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identical with the graphene-doped filament, exhibiting an additional 5.82 dB o f signal
transmission at resonance.
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Figure 4-36: S 21 response o f the copper reference antenna and 3D-printed antennas
utilizing conductive PLA filaments (a) over the measurement bandwidth o f the test set
up and (b) over a frequency range o f 0.8-1 .8 GHz to eliminate low-frequency noise
contributions.

4.3.6

Comparative Analysis o f the Collected Data
The collected data shown in the previous section illustrates the potential o f using

3D-printed antenna radiating elements which achieve transmission through both bulk
conductivity o f the element and conductive coatings applied to the element. This section
will provide a comparison between the different methods used to generate radiating
elements using normalized data sets obtained by setting the relative maximum o f each
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measurement to an intensity o f 0 dB. Analysis o f the normalized data will enable
determinations o f transmission intensities at resonance among the sixteen devices
fabricated.
Figure 4-37 depicts the normalized transmission coefficient data for the antennas
which received an electrolytically-exfoliated graphene-nanoflake-doped conductive
coating. The transmission intensity (-«$2i,min) values are similar for dopant concentrations
o f 1%, 5%, and 10% with values o f ranging from 39.96-43.33 dB, while further increases
in the dopant concentration begin to increase this value with a maximum o f 52.28 dB for
the 20% dopant concentration. An interesting observation is that the transmission
intensity decreases as the dopant concentration increases from 20% to 25%. The physical
characteristics yielded by this change in dopant concentration may explain this anomaly:
at a 25% doping concentration, there is more carbon than ABS in the coating solution. At
this concentration, the acetone-based conductive coating dries extremely quickly,
yielding a brittle, flaky coating containing cracks and fissures as seen in F igure 4-25.
These cracks may interfere with the formation o f the conductive network which enables
signal transmission across the coating.
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Figure 4-37: Normalized transmission coefficient data for antenna radiating elements
which received an electrolytically-exfoliated graphene-nanoflake-doped conductive
coating.

Figure 4-38 depicts the normalized transmission coefficient data for the antennas
which received an electrolytically-exfoliated graphene-nanoflake-doped conductive
coating. The transmission intensity (-S^i.m in) values are similar for dopant concentrations
o f 1%, 5%, and 10% with values o f ranging from 42.04-44.49 dB, while further increases
in the dopant concentration increase this value to between 49.73-50.24 dB with the
maximum corresponding to a 15% dopant concentration. As compared to the antennas
with an electrolytically-exfoliated graphene-doped coating, the carbon nanoparticle
coating appears to produce less signal power transmission due to the decreased surface
area o f the dopant material.
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Figure 4-38: Normalized transmission coefficient data for antenna radiating elements
which received a graphene-nanoparticle-doped conductive coating.

Figure 4-39 depicts the normalized transmission coefficient data for the bestperforming coated antennas, as well as the conductive filament and copper antennas. The
transmission intensity

( - £ 2 1 ,min)

values for all o f the 3D-printed antennas utilizing some

form o f graphene are very similar, falling within a range o f 48.99-52.28 dB with the
maximum corresponding to the 2 0 % electrolytically-exfoliated graphene-doped sample.
From the figure above, we can also determine the bandwidth o f each antenna using -3 0
dB as the reference for signal transmission. Using this criterion, the planar copper
antenna has a bandwidth o f 15.8 MHz, the 20% electrolytically-exfoliated graphenedoped sample has a bandwidth o f 18.6 MHz, the 15% graphene-nanoparticle-doped
sample has a bandwidth o f 21.6 MHz, and both conductive filament antennas have a
bandwidth o f 20.1 MHz. This observation validates the increased bandwidth observed for
3D Sierpinski antennas during the radio frequency simulations.
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Figure 4-39: Normalized transmission coefficient data for the best-performing coated
antennas, conductive filament antennas, and copper antenna.

4-3.7

Conclusions and Future Work
As illustrated above in Figure 4-39, the four materials used to create an

electrically conductive radiating element via 3D-printing have all achieved promising
results that illustrate the potential o f additive manufacturing as a means to generate
antennas for specific frequency applications. The use o f 3D-printing techniques has
enabled the fabrication o f a complex antenna geometry that is unrealizable using
conventional metal-casting techniques, yielding results comparable to a planar fractal
antenna using conventional manufacturing technology. In the future, the advantages
gained by using plastic as a structural material has many advantages that outweigh these
limitations in applications requiring low weight, exposure to corrosion, or rapid
fabrication.
The next step in increasing the performance o f these devices is to evaluate
different metallization techniques. Future research will include coating the devices with
thin metal films via sputtering and electroplating to achieve uniform coating and higher
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conductivities which should enhance performance towards the limits established by puremetal devices.
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